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ABSTRACT
Tidal inlets on sandy shorelines separate barrier islands and serve as a conduit for transport of
sand and water between embayments and oceans, seas, or other tidally influenced waterbodies. Tides and
waves induce currents along the coastline that transport sediment across-shore and alongshore. Coastal
managers must optimize barrier-inlet system stability while conserving limited sediment resources, and
often base management decisions and engineering design upon geomorphic and numerical models that
predict the morphological behavior of tidal inlets on short-to-medium timescales (years to decades). The
overall goal of this study was threefold. First, to provide science-based practical guidance for regional
sediment management in the vicinity of tidal inlets. Secondly, to enhance the understanding of the
temporal and spatial scales of sediment pathways in these regions through numerical simulation of traced
sediment transport. And, third, to combine these lessons learned in both regional sediment management
and analysis of morphodynamic and sediment bypassing pathways with application to a common practical
management practice of inlet shoal mining and adjacent beach placement.
The temporal and spatial scales controlling the morphodynamics of barrier-inlet systems were
reviewed within a regional sediment management context. Next, the application of regional sediment
management methods to case studies of multiple barrier-inlet systems in West-Central Florida led to the
development of a decision-support tool for regional sediment management (RSM) as applied to barrierinlet systems. Connecting multiple barrier islands and inlets at appropriate spatio-temporal scales is
critical in developing an appropriately scoped sediment management plan for a barrier-inlet system.
Evaluating sediment bypassing capacity and overall inlet morphodynamics can better inform regional
sand sharing along barrier-inlet coastlines; particularly where sediment resources are scarce and a close
coupling between inlet dredging and beach placement is vital to long-term sustainable management.

x

Continued sea-level rise and anthropogenic activities may intensify the need for investigating longer-term
processes and expanding regional planning at a centennial timescale, and are acknowledged as
challenging tasks for RSM studies going forward. A regionally focused, multi-inlet study was necessary
to improve the management plans for the case study inlets (from north to south): John’s Pass, Blind Pass,
Pass-a-Grille Inlet, and Bunces Pass. Key recommendations based on the case studies include: 1) allow
the natural sediment bypassing to be re-established at Blind Pass inlet through reduced ebb-tidal delta
mining, 2) reduce the interruption to sediment bypassing at John’s Pass and Pass-a-Grille inlets through
an improved design of the dredged mining areas located along sediment bypassing pathways, 3) allow for
continued natural sediment bypassing at Bunces Pass, and, 4) incorporate the cyclic sediment bypassing
through swash-bar attachment into the management plan at Bunces Pass and adjacent barrier-islands.
Similar systems in other regions may benefit from the lessons derived in this case study of an adaptively
managed multi-inlet system.
A numerical model that computes hydrodynamics, sediment transport, and morphodynamics
including bed layering was incorporated in this study to analyze sediment transport pathways between
littoral sources from adjacent beaches and the geomorphic features of an idealized tidal inlet designed to
imitate the John’s Pass tidal inlet in West-central Florida, USA. This study developed a methodology to
numerically trace sediment transport, deposition and erosion. This method was applied to investigate
sediment-bypassing pathways under varying temporal and spatial scales. The analyses of the adjacent
beach’s contribution to tidal inlet sediment bypassing demonstrated variable temporal scales on sediment
transport and exchange. High-energy wave events dominated the temporal scale for sand to be
transported from the updrift beach to the ebb-tidal delta, whereas cyclical tidal processes had a significant
influence on the spatial pattern of exchange between the shoals and channel features of the tidal inlet.
The ability to simulate burial and erosion of tracers allowed identification of offshore sedimentation
hotspots such as terminal lobe as well as zones of deposition and active transport in shallow water, such
as the updrift channel margin linear bar and the downdrift platform of the ebb-tidal delta. The general

xi

sediment-bypassing pathway reflected a tidal-driven redistribution following event-driven pulses of waveinduced sediment mobilization. Sediment was transported along the beach during these energetic wave
events. Flood- and ebb-tidal currents transported the sediment mobilized by high waves into the inlet
channels. This was followed by subsequent gradual redistribution of the deposited channel sediments
over the ebb-tidal delta features during fair-weather conditions.
The modeling methods were then applied to investigate the sediment pathways and bypassing
processes for three validated numerical models of coastal tidal inlets that span a range of forcing
conditions. The processes that influence sediment transport along various pathways between the several
morphological features of each inlet and its adjacent beaches were examined. The sediment tracing
methodology employed in this study allowed for an evaluation of the sediment transport pathways
between the various morphologic features of a tidal inlet, as well as their respective processes that drive
the exchange of sediments. Characterizing and correlating the sediment pathways between tidal inlet
morphologic features can improve the inlet reservoir model, which is a predictive model of inlet shoal
volumes based on empirical formulae. The results of this study illustrate the value of including sedimenttracking techniques in simulating sediment bypassing and the potential of this application to inform
coastal engineering and design modifications to sediment reservoirs of tidal inlets.
And, finally, the spatial patterns of transport and erosion and deposition of traced, littoral source
sediment, were investigated using the same modeling framework to evaluate the design of ebb-tidal delta
mining on sediment bypassing dynamics of a tidal inlet system based on an idealized model of John’s
Pass, Florida. Seven mining areas were simulated with traced sediment sources from the updrift beach,
downdrift beach, and adjacent shoals. The tracers’ migration pattern and mining area infilling were
analyzed to depict the sediment bypassing pathways and their contributions to mining area infilling.
Mining area recovery rates were highest along the channel margin linear bar, and decrease offshore and
downdrift. Updrift sand sources contributed more to mining area infilling than downdrift sand sources.
The position of the mining area in relation to the updrift or downdrift morphological features dictates

xii

whether it will receive primarily updrift- or downdrift-originating littoral sediment from the beach. The
source of sedimentation within the mining areas is a combination of inlet-ward transport of beach
sediment and nearby shoal sediment. Proximity to the inlet channel determined the degree to which
sedimentation had originated from longshore transported beach sediment. This methodology can improve
confidence in management decisions concerned with the sand-sharing capacity of barrier-inlet systems in
a local and regional context.

xiii

CHAPTER 1
INTRODUCTION
Tidal inlets separate barrier islands and serve as a conduit for transport of sand and water between
embayments and oceans, seas, or other tidally influenced waterbodies. Tides and waves induce currents
along the coastline that transport sediment across-shore and alongshore. Sandy-barrier tidal inlets are
associated with dynamic and significantly fluctuating adjacent shorelines in contrast to relatively straight
and stable shorelines away from inlets. These large shoreline fluctuations are acutely related to the
bypassing mechanisms at the tidal inlet, as demonstrated by studies on the onshore migration of largescale, complex shoals (Sexton and Hayes 1982). Dean (1990) analyzed beach erosion trends along the
eastern coastline of Florida and attributed nearly 85% of beach erosion to tidal inlet processes and
anthropogenic impacts to these systems (e.g. dredging or coastal structures). Engineering of the inlet
through hard structures and soft engineering (beach/nearshore placement) is the most common approach
to mitigate against coastal erosion.
More recently, the need to plan these types of engineering activities in the context of a region has
motivated studies at larger spatial scales (tens to hundreds of kilometers) and commensurately longer
temporal scales (50-100 years). The consideration of long-term, regional climate and geological factors
can greatly improve the regional management of sediments for barrier islands and their inlets. As such, a
scaled understanding of factors ranging temporally from daily sediment bypassing rates to long-term
morphodynamics is necessary to manage system-wide sediment resources with respect to natural
processes and anthropogenic activities (Figure 1.1). The sand-sharing capacity of a tidal inlet with
adjacent beaches is greater than the total annual summation of the daily sediment-bypassing rate for the
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barrier-inlet system when considering the large-scale migration of shoals, variable storm frequency and
intensity, and anthropogenic factors. Engineering activities at individually managed tidal inlets have
cascading effects on adjacent beaches, which in turn influence the stability and resilience of barrier-inlet
systems. Coastal managers must optimize barrier-inlet system stability while conserving limited sediment
resources, and often base management decisions and engineering design upon geomorphic and numerical
models that predict the morphological behavior of tidal inlets on short-to-medium timescales (years to
decades).

Figure 1.1. Regional sediment management of barrier islands and their inlets should consider long-term, regional geologic
factors, as well as intermediate and project-scale factors. As the spatial scope of study increases, long-term processes should be
considered, as they have cascading effects to the larger system.

This dissertation is comprised of five correlated manuscripts (Chapters 2 through 6) that address
sediment bypassing, geomorphological analysis, and Regional Sediment Management (RSM) at tidal
inlets. Chapter 2 focuses on reviews of both tidal inlet morphodynamics and regional sediment
management concepts with a distinct emphasis on sediment bypassing and the long-term sustainability of
engineering actions. Chapter 3 provides guidance and a framework within which to apply RSM
strategies. Case studies are discussed to illustrate the different spatiotemporal scales by which analyses
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and management decisions are made at local scales and how these may be improved through a regional
sediment management plan for long-term, regional management of multiple sandy barrier inlets.
Chapter 4 investigates sediment-bypassing pathways under varying temporal and spatial scales
through numerically simulated sediment tracking, and develops a framework by which to analyze tracer
sediments within a tidal inlet system. A numerical model that computes hydrodynamics, sediment
transport, and morphodynamics including bed layering was incorporated in this study to analyze sediment
transport pathways between littoral sources from adjacent beaches and the geomorphic features of an
idealized tidal inlet. This numerical modeling study hypothesizes that the spatiotemporal range of
sediment pathways can be mapped through the Eularian “seeding” of tracers, or tracked sources of
sediment, across various morphological features to improve understanding of mobilization for sediments.
Chapter 5 applies methods developed in Chapter 4 to investigate the sediment pathways and
bypassing processes for three validated numerical models of coastal tidal inlets that span a range of
forcing conditions. The processes that influence transport along sediment transport pathways between the
various morphological features of each inlet and its adjacent beaches were examined. The sediment
bypassing pathways for one inlet were developed within the framework of an aggregate model to
illustrate the complex interaction between various features, resulting in several suggestions for
improvement to aggregate morphodynamic modeling of tidal inlet bypassing.
Chapter 6 merges the findings from the RSM framework developed in Chapter 3 and the
numerical methodology in Chapter 4 to address ebb-tidal delta mining and the implications of tidal inlet
bypassing pathways on medium-term sand management strategies at tidal inlets. This effort applied the
numerical methodology developed in Chapter 4 for tracking sediment transport and bypassing pathways
within a tidal inlet system to generalized ebb-tidal inlet mining designs. This methodology can improve
confidence in management decisions concerned with the sand-sharing capacity of barrier-inlet systems in
a local and regional context.
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The overall goal of this work is to provide science-based practical guidance for the regional
sediment management of tidal inlets, to enhance understanding of the temporal and spatial scales of
sediment pathways with respects to morphodynamic conceptualized models through numerical simulation
of traced sediment transport, and to combine lessons learned in both regional sediment management and
morphodynamic and sediment bypassing pathways analysis of tidal inlets with application to a common
practical management practice of inlet shoal mining and adjacent beach placement. This research is
intended to expand practical knowledge on geomorphological and engineering analyses of sediment
transport pathways and bypassing processes at tidal inlets. Chapter 7 presents conclusions of the research
presented herein.
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CHAPTER 2
REVIEW OF TIDAL INLET MORPHODYNAMICS, REGIONAL SEDIMENT MANAGEMENT
PRACTICE, AND CONCEPTS OF SUSTAINABILITY AT BARRIER-INLET SYSTEMS

2.1

Introduction
Coastal tidal inlets are natural, dynamical channel features that separate barriers such as islands and

headlands. Coastal barrier islands and tidal inlets are the land-sea interface along much of the Atlantic and
Gulf of Mexico coastlines within the United States, and coastal tidal inlets serve as the primary connections
between oceans and coastal estuaries. Owing to their geographic position along the coastline and functional
navigability for waterborne vessels, these features are often densely populated and, as a result, greatly
modified by humans to meet the needs of navigation access between the interior and open waters. The
morphodynamics of tidal inlets are often challenging to manage, and uncertainty in predicting their behavior
is relatively high in comparison to other similar managed geomorphic features.
A review of tidal inlet morphodynamics is provided here in the context of long-term management
practices necessary to maintain resilient coastal tidal inlets and their adjacent beaches and barriers. A
resilient coastal tidal inlet is defined here as a hydraulically stable inlet (as defined by Escoffier (1940))
with active sediment bypassing between adjacent beaches characteristic of its inlet morphodynamics. The
focus on tidal inlet morphodynamics in this dissertation is on the managed littoral sediments, which are
the primary substrate for coastal barrier islands and tidal inlet systems. Sand management practices
concerned with resource sustainability, or specifically maintained inlet shoal volumes, are discussed with
a temporal focus on planning horizons of 50 to 100 years, as are typical in coastal inlet and beach
management planning, as well as a regional spatial scope that integrates multiple geomorphic features
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into a system. Special considerations are offered on how past coastal zone management has evolved
based on understanding of the natural and anthropogenically modified geomorphic features, and how
perspectives have changed concerning the sustainability of our management practices for these sediment
systems.

2.2

Coastal Tidal Inlets
Tidal inlet morphodynamics have been studied in detail since the 1950s, although their

geomorphic contribution has been documented in the scientific and historical literature before the 1950s.
Tidal hydraulics is the key driving force in maintaining tidal inlet stability and there are many
publications on this topic (Bruun 1978; De Swart and Zimmermann 2009; van de Kreeke and Brouwer
2017). This review focuses on the morphodynamics and sediment processes along the coastal barrierinlet system, as they are critical to understanding natural and anthropogenically modified systems and
future sustainability of these features given human interaction.

2.2.1

Tidal Inlet Morphology
Tidal inlets separate coastal barriers such as islands and headlands and serve as conduits for

transporting sediment and water between embayments and oceans, seas, and other tidally influenced
waterbodies. Tides and waves induce currents that transport sediment across-shore and alongshore. The
influences of tides and waves vary spatially and temporally. Owing to the bidirectional tidal flow, tidal
inlets often develop deltaic deposits on both the landward and ocean-side resulting in a flood-tidal delta
and ebb-tidal delta, respectively.
Figure 2.1 illustrates the various morphological features and tide- and wave-induced transport
pathways across an ebb-tidal delta of a stable tidal inlet (Hayes 1975; Hayes and FitzGerald 2013). Ebbtidal deltas typically have a main ebb channel, a terminal lobe outlining the distal portion of the delta
platform, which may or may not include swash bars, and marginal flood channels that flank one or both
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sides of the inlet (Figure 2.1). Tide and wave-induced transport around the ebb-tidal delta generally
follow the conceptual models outlined in Figure 2.1 (Davis and FitzGerald 2004), with wave-induced
sediment transport occurring over the shallow platform of the delta and tidally-induced sediment transport
occurring in the main ebb channel, flood marginal channels, and bay-side channels.

Figure 2.1. Illustration of the various morphological features of an ebb-tidal delta (left), and the dominant tidal and waveinduced current and sediment transport pathways across a tidal inlet (right). Modified from Davis and FitzGerald (2004).

Barrier-inlet systems comprised of one or more coastal barrier islands and tidal inlets have been
classified in terms of the dominant forcing that shapes the islands and the inlet (Davies 1964). Following
this classification, Hayes (1979) and Davis and Hayes (1984) categorized the morphodynamics of barrier
islands based on their tidal range to wave height (Figure 2.2). Hayes (1979) categorized the
morphodynamics of barrier islands based on their tidal range within a medium wave energy regime (mean
wave height of 0.60 to 1.5 meters [m]) and found that microtidal coasts with a tidal range of 0-2 m tend to
have long and linear barrier islands and mesotidal coasts with a tidal range of 2-4 m tend to have shorter,
drumstick-shaped barrier islands. Barrier islands do not occur along macrotidal coasts with tidal ranges
greater than 4 m. Hayes (1979) also determined that mesotidal barrier islands store large volumes of
littoral sediment due to the unique combination of tide- to wave-forcing. Davis and Gibeaut (1990)
furthered Hayes (1979; 1980) geomorphic classification of tide-dominated, wave-dominated, and mixedenergy tidal inlets to include barrier-inlet systems with substantial offsets.
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Davis and Hayes (1984) reviewed the various generalizations made about the classification of
wave- vs. tide-dominated coasts with special references to tidal inlets and barrier islands and argued that
this classification is most simplistically applicable to moderate wave energy coasts. They argued that
there were too many factors, including physiography, tidal prism, riverine input, and the general
availability of sediment, which influence the geomorphology of a barrier island and tidal inlet delta to
characterize all barrier-inlet systems. They suggested that tidal prism may also be a better factor as
opposed to tidal range; however, they cautioned against the use of further tidal or wave parameterization
as a means of classification due to the various other influencing factors.

Figure 2.2. Classification of barrier-inlet systems based upon their relative influence of tide and wave energy, represented here as
mean tidal range and mean wave height, respectively (Davis and Hayes 1984).

Sha and Van den Berg (1993) discussed the protrusion and orientation of ebb-tidal deltas along
the West and East Frisian Islands and found that tidal prism played a significant role in the relative
importance of wave to tidal forcing. They identified large ebb-tidal deltas as being updrift-asymmetrical
and smaller ebb-tidal deltas as downdrift asymmetrical as related to the preferential position of the main
inlet channel. Additionally, a rough estimate of protrusion to inlet width ratios illustrated a need to
further investigate inlet widths and wave parameters beyond the square of significant wave height as a
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surrogate for general wave power. The work by Wang et al. (1995) illustrated the connection between a
substantial width of an existing inlet and the development of two ebb-tidal deltas along the Dutch coastal
tidal inlets under similar wave to tidal forcing.
Various parameters have been examined in terms of the morphologic shape of an ebb-tidal delta
(Bruun 1978; Carr-Betts et al. 2012; Mehta et al. 1996; Powell et al. 2006; Walton and Adams 1976).
Carr and Kraus (2001) discussed morphologic asymmetry of ebb-tidal deltas and channels with respect to
channel maintenance and sediment bypassing capacity and argued that the asymmetry might be the result
of orientation of the entrance channel and/or the flood-tidal delta and branching ebb channels within the
bay. Further analysis by Carr-Betts et al. (2012) offer optimized empirical equations relating asymmetry
of tidal inlets to tidal prism as a means of predictive capability for use in planning and design.
De Swart and Zimmermann (2009) reviewed the morphodynamics of tidal inlet systems with
respect to the governing hydrodynamic processes of the various features of the systems. In their focus on
ebb-tidal deltas, Oertel’s (1988) and FitzGerald’s (1996) conclusions on the dominant littoral drift
direction influencing the downdrift orientation the main ebb channel of a tidal inlet was compared with
counter examples from the German and Dutch coasts that demonstrate ebb channels with updrift
orientations. Sha (1989) and Sha and van den Berg (1993) identified a phase lag between shore-parallel
tidal currents and inlet-related tidal currents as the primary cause of updrift oriented inlet channels. This
distinction is particularly valuable in the management of unstable inlets with concerns for the stability of a
navigable main channel. Further, Sha (1989) and others (Cayocca 2001; Siegle et al. 2004) concluded
that tidal currents alone were not solely responsible for cyclical ebb-tidal delta bypassing behavior, a
reflection upon the importance of wave- and tidal-processes and their contribution to overall
morphodynamics through interaction.
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2.2.2

Sediment Transport and Tidal Inlet Bypassing
Sediment transport at tidal inlets is driven generally by a combination of tidal and wave energy

mobilizing and transporting sediments. Past studies have investigated the general modes of sediment
transport at distinct morphological features, such as the balance between wave-induced alongshore
transport along the adjacent beaches and around the outer lobe of the ebb-tidal delta and tide-induced
transport through the inlet throat (Bruun and Gerritsen 1958). These two dominant sediment transport
modes are represented as that shown in Figure 2.3, which assumes that sediment transport across the outer
lobe of an ebb-tidal delta is dominated by wave processes, or bar-bypassing and interior transport near the
inlet throat is dominated by tidal processes.

Figure 2.3. Two generalized modes of sediment transport at tidal inlets first hypothesized by Bruun and Gerritsen (1958), bar
bypassing and tide-induced bypassing, illustrated here as hypothesized pathways under the influence of tide- (green) and waveinduced (blue) transport at an idealized inlet.

Larson and Kraus (2001) investigated the capacity of wave-induced suspended sediments being
transported from the updrift to the downdrift sides of a tidal inlet. They developed a model of the
distance of transport of fine sand particles suspended in the shallow nearshore waves as they entered a
deeper, jettied-inlet channel. Neglecting tidal circulation (i.e. assuming slack tide) and upward diffusion
by turbulence, they found that a suspended 0.17 millimeter (mm) sand particle could travel at the most 20
m given mild, average wave conditions. They concluded that sediment entering the vicinity of an inlet
through wave-induced current would settle within the inlet channel prior to reaching other side of the
inlet. Oertel (1988) described the processes by which sediment is exchanged at tidal inlets over tidal
cycles in combination with wave-induced littoral drift. Channel infilling generally occurs during slack
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tide, whereas flooding tides are optimal for spit accretion and ebbing tides are optimal for accumulation
over the ebb-tidal delta.
Kana et al. (1999) reviewed the state of knowledge on tidal inlet sediment transport and
bypassing models and related them to known processes at mixed energy tidal inlets. They reasoned,
counter to Bruun and Gerritsen (1959), that for littoral transport to cross large or deep inlets that are more
tidally dominated, the bypassing route must be inherently circuitous and that the greatest amount of
transport occurs episodically through shoal bypassing. For many mixed energy inlets along the South
Carolina and Georgia coasts, they defined a conceptual model for the partitioning of sediment transport
and resultant morphologic change across an ebb-tidal delta and determine that approximately half of the
volume of sediment in a bypassing shoal will move downdrift of the inlet after attachment to the
shoreline.
Sexton and Hayes (1982) analyzed the volumetric change and morphodynamics of a barbypassing event at the mixed energy Captain Sam’s Inlet, South Carolina, and found that the bypassed
sediment totaled approximately 50,000 cubic meters (m3). The event was initiated by the passage of a
hurricane, and migration and attachment occurred over a timeframe of 6-12 months. There were not any
significant changes to the main inlet throat cross-sectional area or tidal prism indicating that the inlet
remained stable through the bypassing process. Also, multiple secondary channel formation and
abandonment events promoted the extension and ultimately onshore migration of the downdrift bypassing
bar.
FitzGerald et al. (2000) summarized sediment-bypassing mechanisms for natural and engineered
tidal inlets. They identified six models for natural inlets (Figure 2.4) and three for jettied inlets (Figure
2.5), noting that all unstructured inlets had some form of bypassing of volumes of sand on the order of
50,000 to more than 200,000 m3 on the order of 4 to 10 years. Some baseline level of continuous sand
bypassing occurs at all tidal inlets; however, the magnitude and transport patterns at jettied inlets are less
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well understood and more variable depending on the design of the structures and, if a channel is
maintained, dredging characteristics.

Figure 2.4. Six classifications of dominant morphodynamics and sediment bypassing processes at natural tidal inlets (FitzGerald
et al. 2000). The original models by FitzGerald were developed through analysis of time-series aerial photographs illustrating the
positions of geomorphic features (e.g., shoals) as they become emergent and migrate across the inlet ebb-delta platform.
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Figure 2.5. Three additional classifications of dominant morphodynamics and sediment bypassing processes at engineered tidal
inlets (FitzGerald et al. 2000) in addition to those for natural inlet systems (Figure 2.4). Note that there is limited time-series
representation of migration of geomorphic features such as shoals.

Price (1951) discussed the natural asymmetrical orientation of tidal inlets in Texas to be the result
of their southerly position relative to the embayment, strong northerly winds funneling water over long
fetches, the southward migration, the bearing of the barrier island, and a strong littoral drift along the
ocean side. In his study, he argued that a reorientation of a navigation channel through these inlets toward
the natural southerly orientation would potentially reduce channel sedimentation and possibly be well
flushed under wind events that drive strong southerly flow out of the inlets.
Similar to Price (1951), Carr and Kraus (2001) suggested that aligning a navigation channel in a
“preferred location and alignment” might reduce dredging maintenance costs; however, they cautioned
that attention must be made toward the alignment with respects to predominant wave direction for
favorable navigability. Based on an analysis of historical channels and asymmetric realignments of jetty
structures, Bruun (1987) argued that reorientation towards the downdrift direction does not inhibit
sedimentation within the channel and that it may cause navigational safety issues for some vessels due to
the potential for wave reflection.
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Tidal inlets redirect littoral sediment through complicated bypassing systems and store substantial
volumes of sediment within their shoals dependent upon the ratio of wave- to tide-energy. In addition to
this exchange between inlet geomorphic features and beaches along the open coast, there is also sediment
exchange between the estuary an inlet serves and the ocean. Tidal hydraulics play a significant role in the
net exchange of sediments between the ocean and estuary (DiLorenzo 1988; Speer and Aubrey 1985), as
do basin hypsometry, riverine input, vegetation, and other landform geomorphologic processes.
Studies on the relative dominance of ebb versus flood forcing on sediment exchange at tidal inlets
have focused on the tidal distortion as related to a mean set-up of basin sea levels for ebb-dominant
systems or a mean set-down for flood-dominated systems (DiLorenzo 1988; Aubrey and Speer 1985;
Speer and Aubrey 1985). Aubrey and Friedrichs (1988) found that the non-linear tidal response to
changes in the tidal amplitude to basin depth ratio is strongly dependent upon the areal extent of intertidal
flats within the basin. Essentially, tidal inlet systems that do not have extensive tidal flats tend to be
flood-dominant systems, and that extensive tidal flats tended to be ebb-dominant systems.
An implication for these findings is that relative sea level changes may induce a change in tidal
distortion near the inlet related to the depth of the basin and tidal deltas, and therefore impart a change in
net sediment transport into or out of the basin. As sea level rises, and the tidal amplitude to basin depth
ratio decreases, tidal distortion results in more flood dominance where there are extensive tidal flats.

2.2.3

Numerical Investigations into Barrier-Inlet Morphodynamics
Recent advances in numerical simulations of tidal inlet morphodynamics have improved the

understanding on the exchanges between ocean and estuary, as well as tidal inlet geomorphic features and
the adjacent coastline. The advent of two- dimensional (2D) and three-dimensional (3D) numerical
modeling has improved predictive capabilities to evaluate longer time horizons (decades to centuries) for
both idealized and realistic cases. The capability to run a matrix of hydrodynamic forcing, sediment
properties, and geomorphic parameters allows for the exploration of the change in morphodynamics
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across a range of influential parameters (Dissanayake et al. 2011; Ridderinkhof et al. 2014; Styles et al.
2016; van der Wegen 2013).
In Elias et al. (2006), an in-depth analysis on the morphodynamics of Texel Inlet in the Dutch
Wadden Sea through field measurements and numerical modeling revealed sediment transport patterns
and resultant sediment budget for the inlet system. In their analysis of multibeam bathymetry-derived
morphology, slip-face orientations of bedforms indicated dominant direction of flow, particularly for
bedforms larger than 0.5 m in height with greater than 50 m wavelengths (sand waves and large
megaripples or dunes). Resultant transport patterns over the ebb-tidal delta indicated patterns of transport
due to ebb or flood dominance in different channels or platforms, with typical flood dominance in flood
marginal channels and ebb dominance in the main ebb channel. Numerical analysis supported many
previous findings about the flood dominance, sediment transport into the basin, and dominant flow
patterns across the various features of a tidal inlet and ebb-tidal delta.
Dissanayake et al. (2009) tested various inlet widths, tidal asymmetry and propagation direction,
and basin orientation using a 2D numerical model to determine their effects on the position of the main
channel and the orientation of the ebb-tidal delta. They found that the direction of the tidal propagation
determined the orientation of the ebb-tidal delta and that the basin orientation did not modulate the main
channel position or asymmetric shape of the ebb-tidal delta. Ridderinkhof et al. (2014) investigated the
dependence of ebb-tidal delta volume and basin length and symmetry and found a correlation similar to
that of general tidal prism as a function basin area. Varying basin lengths also adjusts the phase
difference between alongshore and cross-shore tidal velocities, thereby influencing the symmetry of the
main channel and ebb-tidal delta.
Wang et al. (2014) examined currents, sediment transport and long-term channel stability in a
tidal inlet to a riverine estuary and found correlation between the tidal asymmetry and cyclical sediment
transport among morphological cells. Ridderinkhof et al. (2016) conducted numerical simulations of shoal
migration initiated from various channel cuts through the ebb-tidal delta of an idealized inlet to evaluate
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the growth and migration rate of a shoal under varying wave and tidal prism conditions. They found that
there are thresholds for shoal formation and that the shoal migration speed increases with wave energy
and decreases with tidal prism.
The potential closure of a tidal inlet has produced several numerical studies to evaluate the
dominant forcing on this process. In Ranasinghe and Pattiaratchi (2003), the causes and effects of
seasonal closure of tidal inlets were related to the wave energy influence on cross-shore processes by
using the Dean’s (1973) criteria. They determined that variability of alongshore transport to be the
dominant process involved in inlet closure, but in areas of low longshore transport, stronger onshore
transport tends to close tidal inlets whereas offshore transport helps to keep the inlet open.
Bertin et al. (2013) analyzed the various processes that play a role in the development of a wavedominated inlet in fair weather conditions and their subsequent closure. Through calibrated models of
wave-dominated seasonal inlets, they found that tidal asymmetry assisted in inlet breaching and that
closure was affected by direct wave forcing, lateral barotropic pressure gradients that accelerate
alongshore currents into the inlet, wave blocking during ebb tide, and a seasonal rise in sea level.
Nahon et al. (2012) and Dastgheib (2012) simulated the morphodynamic behaviors as those
conceptually devised originally by FitzGerald (1988) and later modified by FitzGerald et al. (2000) with
variable wave forcing, tidal range and tidal prism. Both studies similarly found that although the general
relationships defining the sediment bypassing behavior at a tidal inlet could be simulated, there were a
number of other parameters that could be tested to better represent the variety of morphodynamics found
in nature, including the seasonality of the wave climate and anthropogenic modifications to the tidal inlet.
In review of hydrodynamic observations across the multi-inlet system of the Rio Formosa,
Pacheco et al. (2010) found that the availability of sediment stored in the ebb-tidal delta played a critical
role in affecting instability and closure of the tidal inlets in a multi-inlet system. The focus on the
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stability of the ebb-tidal delta in this multi-inlet system pointed towards a need for further understanding
of thresholds of change for tidal shoals in management of multi-inlet systems.

2.3

Sediment Management at Tidal Inlets
Tidal inlets between sandy barrier islands are associated with dynamic and complex adjacent

shorelines in contrast to the relatively straight and stable shorelines along the majority of the barrier
islands. Complex shoreline processes are closely related to the bypassing mechanisms of the tidal inlet,
as demonstrated by studies on the onshore migration of large-scale, complex shoals (Sexton and Hayes
1982). Dean (1990) analyzed beach erosion trends along the Atlantic coast of Florida and attributed
nearly 85% of beach erosion to tidal inlet processes and anthropogenic impacts to these systems (e.g.
dredging or coastal structures). Engineering of the inlets through hard structures and soft engineering
practices, such as dredging and beach/nearshore placement, is a common approach to mitigate against
coastal erosion (Bruun and Gerritsen 2005; Dean 1988; Dean 1993; Dean and Work 1993). There have
been extensive studies conducted on quantifying the total volumes of littoral sediment contained within
tidal inlet systems and their application in sediment-based reconstruction and nourishment practice (Beck
and Legault 2012; Bruun and Gerritsen 2005; Douglas et al. 2003; Finkl et al. 2006; Fontolan et al. 2007;
Houston 2017; Houston and Dean 2016; Oost et al. 2014; Schrader et al. 2016).
Sediment management at tidal inlets focuses on morphodynamics of the net depositional features,
or sediment sinks: the ebb- and flood-tidal deltas, interior spits, breach washover deposits, and
depressional features near the channel such as relic inlet channels. These features serve to trap and store
littorally transported sediments, and they can serve as potential sources in an interconnected regional
sediment system. More recently, the need to plan these types of soft engineering activities in the context
of a region has motivated studies at larger regional scales (10s to 100s of kilometers [km]) and longer
temporal scales (50–100 years) (Schrader et al. 2016). Yet, local and regional inlet sediment dynamics
remain poorly understood, especially with regard to engineered systems. Ongoing management decisions
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must maximize beach preservation while conserving limited sediment resources in order to meet sediment
management objectives for barrier-inlet systems.

2.3.1

Ebb-tidal Delta Volume
Ebb-tidal deltas are the key morphological features of coastal tidal inlets as they represent the

most dynamical, depositional feature of concern to coastal managers. Fontolan et al. (2007) summarized
this in their study on the sediment storage capacity and sand management strategies of northern Adriatic
tidal inlets: “(1) they represent huge sand reservoirs, (2) sand shoals associated with ebb-tidal deltas
reduce wave energy on landward beaches, and (3) they affect the bypass process towards downdrift
shorelines.” The development of a “no-delta bathymetry,” for comparison with positive volumes
attributed to ebb-tidal delta accumulations, is the most critical procedure of shoal volume calculations
(Fontolan et al. 2007; Hicks and Hume 1996, 1997; Stauble 1998).
Dean and Walton (1975) developed a methodology to calculate the sand volume stored within
ebb-tidal deltas through the creation of a relatively subjective “no-inlet” bathymetric surface, or baseline,
and subtraction of measured bathymetry from that baseline. They correlated the ability to trap sediments
within these inlet geomorphic features as related to the tidal range and estuary plan area, essentially tidal
prism, with some suggestions about the relative influence of wave energy and direction. Walton and
Adams (1976) correlated these volumes to tidal prism, for which they argued as being the dominant
process maintaining a delta feature oceanward of a tidal inlet. Inlet tidal shoals are influenced by waves,
tides, and other coastal forcing, and therefore, they arrived at three separate empirical equations with
varying coefficients for the three coastlines of the United States, which have varying degrees of wave
energy. Other parameters they suggested as influential were the wave-induced alongshore energy and
grain size distribution of the littoral zone and inlet-bay system sediments. Concerning tidal prism to
equilibrium feature concepts, Oertel (1988) argued that these empirically derived relationships were more
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suited to tidally dominated inlets with correlation of nine such inlets’ ebb-tidal delta volume to tidal
prism.
Hicks and Hume (1996; 1997) evaluated the ebb-tidal delta volumes of New Zealand’s tidal inlets
using this methodology and characterized the inlet type based on its orientation relative to the shoreline,
shape, and geographic relationship to an adjacent headland feature. They found that wave energy did tend
to decrease the overall volume of an ebb-tidal delta and that dominance in net littoral drift may be
associated with a higher trapping capacity on the updrift side ebb-tidal deltas, leading to implications on
the management of the adjacent main ebb channel. Additionally, management considerations on the
effects of human-induced changes to tidal prism, and the potential tidal prism increase from basin area
expansion under relative sea level rise, should include the increased trapping potential of littoral
sediments in a growing ebb-tidal delta, which may induce local and regional importation of littoral
sediments.
Stauble (1998) reviewed three techniques used in the quantification of ebb-tidal delta volume
computations: Ebb-Shoal Edge Method, Difference Map Method, and the Residual Method. All
computations are made with gridded bathymetric data. The Edge method essentially computes volumes
above a plane, the Difference method computes differences between all surveys and one initial
bathymetry, and the Residual method based on the Dean and Walton (1975) approach computes
differences from a “no-inlet bathymetry” that is based on an average or equilibrium beach profile taken
from adjacent, representative bathymetry. The Edge method will typically provide the largest values
dependent upon selection of a depth contour lower than all potential elevations of the inlet throat and ebbtidal delta; and the Residual method was the most conservative approach with the smallest calculated
values. Stauble (1998) did not discuss the intricate and nuanced volumetric inclusions through the
bounding areas but did caution that the bounding boxes may change due to larger geomorphic dynamics
not seen in specifically analyzed time periods.
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Fontolan et al. (2007) developed a new semi-automatic geostatistical procedure to process ebbtidal delta volumes for their study on the sediment storage capacity and sand management strategies for
northern Adriatic tidal inlets. In their study, they used a rectangular boundary from the inlet throat to
some distance offshore of the ebb-tidal delta extent and extended updrift and downdrift to lateral profiles
that were “not affected by the ebb-delta structure,” and then they generated a polynomial trend of the
surface based on the entire ebb-delta dataset. This method is in contrast to Dean and Walton (1975) and
other previous methods as it reduces the amount of manual error in interpolations of “no-delta lateral
profiles” across offset barrier islands. Polynomial trends to the third order tended to result in less
negative volumes computed for the offshore area, and therefore, positive volume changes were the result
of ebb-delta accumulations above the regional trend. Fontolan et al. (2007) argue that a more consistent
regional trend provides an unbiased representation of volume and that representative volume should
comprise the positive accumulation above that regional trend, even if the regional trend was attributed to
the historical inlet morphodynamics.
The methodology by Fontolan et al. (2007) does not consider time-series computations of ebbtidal delta volume at inlets that have changed substantially over medium- to long-term timescales and
particularly those that have been stabilized by structures, that can greatly modulate the nearshore
bathymetry. Caution is suggested concerning newly stabilized inlets with jetties and adjacent fillet
development, which will trap a considerable quantity of sediment that would otherwise contribute to ebbtidal delta development. At different stages of development, volumes contained in fillets or attachment
locations may be considered closely connected reservoirs in a tidal inlet shoal accumulation (Kraus 2000;
Legault et al. 2012), and a critical component to any volume change analysis must consider this
geomorphological interpretation.
Powell et al. (2006) provide a comprehensive review of empirical morphodynamic relationships
of tidal inlet cross-section area and ebb- and flood-tidal delta volume to tidal prism using 67 sandy barrier
island inlets from Florida for reference. They determined that morphodynamic relationships were useful
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for prediction of changes in tidal inlet morphology on timescales consistent with equilibration (decades to
centuries). One general principle identified was that the equilibrium ebb-tidal delta volume is
approximately one-fifth of the spring tidal prism.

2.3.2

Tidal Inlet Delta Mining
Dean and Walton (1975) computed the volume of 23 ebb-tidal deltas of tidal inlets in Florida

(United States) comprising a total of 306 million m3 (400 million cubic yards [yd3]) of material and
concluded that there was enough sand in the shoals to meet the needs of 1,609 km (1,000 miles) of beach
eroding at a rate of 1.5 m3 per m (2 cubic yards) per year for approximately 76 years. Their conclusion
did not state that this was a short- or long-term solution but merely that the sand was of quality, littorally
derived material and that it would meet those needs for a period of time. It also did not relate the removal
of shoal volume to beach erosion, a now well-described phenomena (Dean 1990), and that rates may
increase as material is removed for beach nourishment.
Dombrowski and Mehta (1996) conducted an analytical experiment to isolate the contributing
parameters that affect ebb-tidal delta volume and growth. They found that three parameters had a
significant effect on the growth of ebb-tidal deltas towards their equilibrium volume: suspended sediment
concentration, sediment grain size, and deep water wave heights. Increases in suspended sediment
concentrations were found to be correlated to an increase in growth rates, and more wave energy
mobilizing sediment was found to be correlated to slower growth rates and decreasing ebb-tidal delta
sizes. Interestingly, increasing grain size was found to be correlated to increasing ebb-tidal delta
equilibrium volumes and their growth rates. Additionally, a wave-to-tidal energy ratio was developed to
describe the relative impact of littoral-derived sediment mobility and deposition potential on the ebb-tidal
delta. The larger the deep-water waves, the less sediment can deposit and build the ebb-tidal delta
volume.
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A motive of the Dombrowski and Mehta (1996) study on ebb-tidal delta growth rates was to
obtain an understanding of the processes occurring at the ebb delta in terms of deposition to assess how
these processes affect ebb delta mining. To further this effort, Mehta et al. (1996) developed a simple
cross-shore model to explain delta growth based upon an analysis of bottom shear stress from current and
wave influence (Tb) and the critical stress for scour (Tcr), where deposition occurs for Tb<< Tcr until they
are approximately equal and there is no further deposition (e.g., the delta reaches an equilibrium volume).
Then, they examined four Florida entrances to compare ebb-tidal delta growth curves to the measured ebb
volumes and presented example ebb-tidal delta operational information from seven inlets in Florida, four
in South Carolina, and three in New Jersey. Based upon their observations, they discussed several
considerations in mining site selection criteria:
•

The quantity of available sediment (above the adjacent bathymetric profile) and its proximity to
its placement location are primary criteria for site selection, followed by sediment compatibility
and physical and ecological impacts of the project.

•

The two primary concerns for physical impacts are the rate of sediment replenishment of the ebbtidal delta and the potential effects to adjacent beaches through modified waves and tidal currents.

•

A delineation of the active, wave-induced transport zone, and passive, or tidally-induced transport
zone, areas (from Mehta and Montague (1991)) of the ebb-tidal delta are critical to predicting
potential physical impacts.

•

Moreover, the role of alongshore sediment transport in deposition at mining sites along active and
passive zones is still not well understood.
For dredged inlets, Walther and Douglas (1993) developed a simplified inlet model where the

delta growth rates were based primarily on the capacity of the inlet’s dredged channel to trap sediment
transported through tidally induced sediment transport across the ebb-tidal delta. This model was based
on the assumption that the ebb jet currents transport a fixed rate of sediment volume evenly over the
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dredged area, and essentially equated deeper cuts as proportionally larger traps. The results of their
comparison to three different ebb-tidal delta-mining projects verified their model, with variances
attributed to the relative rate of contribution of alongshore-driven sediment transport. The effects of the
planform area and interconnectivity to adjacent beaches were largely ignored in this study, although they
did caution that engineering activities of this kind should investigate the potential for increased erosion at
adjacent beaches. Trudnack’s (1997) physical modeling study demonstrated that mining of ebb tidal
deltas do in fact increase local beach erosion rates and channel shoaling within an inlet.
Cleary and FitzGerald (2003) analyzed dredging-induced tidal prism changes and resultant
sedimentation at Mason Inlet, North Carolina, and found that inlet relocation and basin dredging
increased tidal prism substantially, reducing prism at adjacent barrier inlets connected through the
Atlantic Intracoastal Waterway. Additionally, relic ebb-tidal delta material was noted as having migrated
onshore, providing substantial nourishment for years to decades thereafter. Tidal current measurements
indicated a flood dominance at the wave-dominated inlet, contributing to substantial interior shoaling and
downdrift migration of the inlet.
Welsh and Cleary (2007) reviewed the results of a relocated, migratory, flood-dominated, and
unstructured inlet in North Carolina and found that maintenance of the inlet’s feeder channels will aid in
maintaining the requisite tidal prism and flushing capacity to attain equilibrium. They cautioned against
placement of dredged material along the updrift shoreline to reduce rehandling during navigation
maintenance dredging and raised concern over excessive dredging (of volume) that may compromise the
balance between the growing ebb-tidal delta and adjacent shoreline stability. Additionally, Welsh and
Cleary (2007) suggest that Jarrett’s (1976) equation relating tidal prism and cross-sectional area were
useful in the inlet relocation analysis, but cautioned against using Walton and Adam’s (1976) empirical
formulation for equilibrium ebb-tidal delta volume.
In China and the Netherlands, some research (Wang et al. 2012; Wang et al. 2014) has focused on
redistribution of tidally and littorally derived sediments within the system to maintain navigation channel
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depth requirements as well as overall system volume retention and function. Hibma et al. (2008) modeled
the effects of dredging and in-water placement of sand within a multi-channel, funnel-shaped embayment
and conducted a channel stability analysis on the morphological results of ebb and flood-oriented
channels. Their analysis focused on the effects of erosion and accretion in adjacent channels and shoals
with respects to the placement location, and they found that placing sediment in a channel induces erosion
in an adjacent opposite channel. They also verified the concept of ebb-flood channel cells, originally
described by van Veen (1950), which are morphological units with partitioned flood- and ebb-dominant
channels. Their analysis of the spatial footprint of dredging within these ebb-flood channel cells indicated
that dredging the shallow partition area between ebb and flood cells may induce erosion in all nearby
channels. Their recommendations concerning dredging and placement is to limit in-channel placement to
<10% of the gross sediment transport flux of that channel.
A study on the effects of artificial breaching of an immature ebb-tidal delta in Guadiana Inlet,
Portugal and Spain, identified the dominant sediment transport pathways of a recently jettied inlet (Garel
et al. 2014). Although not focused on the usage of the mined material in their analysis, their focus on the
long-term response of the ebb-tidal delta to the construction of an updrift jetty had concluded that the ebbtidal delta morphodynamics were still evolving toward an equilibrium state that may require decades to
achieve and that management strategies for the inlet and adjacent beaches should consider this multidecadal timescale. The artificial breaching of the ebb-tidal delta for navigable purposes was discussed in
terms of limited benefits to navigation and potential longer temporal impacts to the already reduced
bypassing potential of the ebb-tidal delta, which contributes directly to the downdrift erosion of adjacent
beaches.
Further, Garel et al. (2014) discussed the limited benefits of dredging the “collapsing ebb-tidal
delta” as that reduced the capacity of the existing downdrift shoals to protect the shoreline from wave
energy. Beck and Legault (2012) found a similar result in numerical simulations of increased mining
footprint and overall sediment volume for adjacent shore-protection projects. Garel et al. (2014) reasoned
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that the detriments to shoreline erosion outweighed the short-lived benefit of utilizing the readily
available sediment and therefore suggested implementing engineered bypassing procedures with respects
to a system-wide understanding of sediment dynamics of the area. In the case of Guadiana Inlet, they
suggested that any dredged material should be placed at the location of the old inlet channel, centrally
located in the longshore transport divergence zone downdrift of the inlet.
Finkl et al. (2007) reviewed the sediment resources of the West-Florida inner continental shelf
and specifically highlighted the ebb-tidal deltas as historical and present sources for beach nourishment.
This microtidal coast exhibits a wide range of tidal inlet characterizations from tide to mixed energy to
wave-dominated, and their differing dominance in processes determines the size of their ebb-tidal deltas.
Finkl et al. (2007) contended that the smaller more wave dominated inlets are better at bypassing
sediment than the larger tidally dominated inlets, and that the larger inlet ebb-tidal deltas are essentially
long-term or “permanent” sediment sinks. Larger, tidally dominated inlets were suggested as optimal
potential sediment resources for the region as their size and mining site proximity to the shore would
likely reduce impacts of sediment bypassing and wave sheltering on adjacent beaches.
In Finkl (2012), the various engineering and environmental concerns surrounding the practice of
mining ebb-tidal deltas was reviewed in the context of potential pitfalls of poor shoreline management
practice. Finkl reasoned that poorly designed engineering studies, or a lack thereof, may result in
dredging activities at inlet deltas that can “upset the natural equilibrium to the point in extreme cases
where the delta collapses,” citing a study by Kelley and Bothers (2009). A sand-sharing system such as
that of tidal inlets and adjacent beaches is in a delicate balance that is easily disrupted by the perturbation
of removal of littoral sands from any part of the system.
The sand deficit within the U.S. has been reviewed by many researchers over the last several
decades (Douglas et al. 2003), but the most critical numbers identified by Finkl (2012) are summarized
here:

25

•

Of the world’s sand shorelines, about 75% are eroding, and within the U.S., that number has been
estimated to be upwards of 90% by Leatherman (1988).

•

Approximately 1 × 109 m3 of sediment has been removed from U.S. beaches in the past century
(Douglas et al. 2003).

•

Approximately 650 × 106 m3 of sediment have been dredged from inlets, harbors, and continental
shelf deposits and placed on sandy beaches (Finkl et al. 2006).
Aside from the general concerns for the quantities of sandy sediments lost to dredging and

removal from littoral systems, structured inlets have trapped considerable quantities of sand in their fillets
and substantially changed the morphodynamics of the ebb-tidal deltas and their bypassing processes
(Dean 1993; Finkl 2012). Suggestions to mitigate the effects on the stability of the ebb-tidal deltas and
their adjacent shorelines include optimizing the alignment of a maintained navigation channel in its
natural orientation (Price 1951; Dabees and Kraus 2008), and engineered sediment bypassing alternatives
such as a weir or bypassing plant (Bruun 1978; Bruun 1995; Finkl 2012). Seabergh and Kraus (2003)
summarize management practices for natural and engineered tidal inlet bypassing with special focus on
weir jetties jetty spurs, and other engineering aids. They maintained that artificial bypassing, or
engineered bypassing, could work to harmonize the human requirements to maintain navigation channels
with natural, or historical, sediment-sharing requirements between inlets and beaches.

2.3.3

Sediment Reservoir Models
A substantial quantity of littoral sand is stored in tidal inlet deltas, also described as sediment

sinks or reservoirs within barrier-inlet systems. In recognition of the need to understand the long-term
behavior of these sediment reservoirs, the Inlet Reservoir Model (IRM) was developed by Kraus (2000,
2001) to relate and quantify the sharing of net sediment drift that enters a tidal inlet and is redistributed
along various pathways between the morphological features. In its simplest form, the IRM suggests that
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sediment enters and inlet through the two primary modes defined by Bruun and Gerritsen (1958): floodgenerated import of sediment into the inlet channel and alongshore wave-induced bypassing onto offshore
inlet morphological features such as attachment and bypassing bars adjacent to the beach. Connections
made between shoals following these two pathways may be construed a number of ways dependent upon
specific inlet morphologies, hydrodynamics, structural controls, and anthropogenic effects to inlet
processes such as dredging and placement. Regardless of how sediment is shared between the features,
sediment can exit an inlet system near equilibrium via transport across the downdrift shoal systems and
attachment bar. Figure 2.6 illustrates the IRM where the net littoral drift (QIN) fills the ebb-tidal delta,
and as it approaches an equilibrium volume (VEe) each subsequent reservoir in the general sediment
bypassing pathway captures sediment from its “updrift” reservoir (from Kraus (2000)).

Figure 2.6. The IRM describing the net littoral drift (QIN) into the ebb-tidal delta (VEe) and how each subsequent reservoir in the
general sediment bypassing pathway captures a reduced quantity of sediment from its updrift reservoir (modified from Kraus
(2000)).

This study suggests that emphasis placed on wave-induced alongshore transport from adjacent
updrift beaches on to the ebb-tidal delta platform via attachment bar and bypassing shoals (and the reverse
along downdrift beaches in net sediment transport reversal periods) should be scrutinized and evaluated
through measurement and modeling (Dabees and Kraus 2008). The processes and conditions by which
sediment may enter an ebb-tidal delta directly from the beach have not been studied in detail, warranting
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further research to understand where this process is important and what the relative contribution should be
for inlet reservoir management studies. This echoes the conclusions of Mehta et al. (1996) to evaluate the
role of alongshore sediment transport in sediment bypassing pathways in tidal inlets.
Garel et al. (2015) analyzed the ebb-shoal collapse of Guadiana Inlet and the recovery of volume
and established bypassing bars. They cited Walton and Adams (1976) to estimate total equilibrium
volume but found that the inlet had reached some quasi-equilibrium after 20 years of equilibration instead
of the estimated 80 years required via the Inlet Reservoir Model (Kraus 2000, 2001). They cited the
initial volume of the collapsing, relict ebb-tidal delta shoals as the primary source allowing the inlet to
reach near equilibrium volumes. There was limited investigation about the estimated equilibrium volume.
Comparatively, research on the Wadden Sea tidal inlets in The Netherlands has focused on
differing objectives because they are all presently flood dominant and are actively importing littoral
sediment (fines and sands) into the basin in a long-term response to the closure of the Zuiderzee in 1932.
Studies by FitzGerald et al. (2008) and Oost et al. (2014) have discussed sea level rise and tidal inlets as
becoming increasingly flood dominant as sea level in the estuary/basin increases and the tidal signal
becomes more asymmetric. Additionally, Wadden Sea tidal inlets are losing volume within their ebbtidal deltas as a result the sediment import into the basins. The tidal inlets of the Wadden Sea can be
studied as case examples on the impacts of sea level rise on an estuary system.
The Aggregated Scale Morphological Interaction between a Tidal inlet and the Adjacent coast
model (ASMITA) was built upon the IRM to connect to basins and adjacent coastal littoral sources such
as barrier islands, shoals, and headlands (Stive et al. 1998; Stive and Wang 2003). Similar challenges in
the setup of this model arise when assigning coefficients of exchange between the various morphological
features, and the use of numerical modeling in combination with measurements for validation is
suggested to refine the input parameterization. Dissanayake et al. (2011) compared the process-based
model, Delft3D, to the semi-empirical aggregate model, ASMITA, and found similar predicted evolution
of aggregate inlet features over decadal timescales.
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In van Rijn’s (2015) study on schematizing sediment transport at tidal inlets in the Wadden Sea,
an aggregate model of inlet features for three large inlets was defined and presented. The aggregate
model defined the interconnected pathways of sediment transport across the dominant geomorphic
features of a tidal inlet and basin with the inclusion of hydrodynamic data over a multi-decadal timescale
and was applied to study the long-term response of three inlets to sea level rise scenarios. The
schematization of each inlet was at the coarsest level, defining the bounds of the outer basin (ebb-tidal
delta), inlet throat, and the inner basin (flood-tidal delta), and it refined each feature with assumptions
about the volume of the geomorphic features with respect to elevation levels
One substantial assumption in the van Rijn’s (2015) study was that the import of sediment into
each inlet would remain steady through time, regardless of mining activities or sea level rise scenarios
that would ultimately contribute to increased tidal prism and tidal asymmetry that would increase net
sediment transport into the inlets (van Rijn 2015). The remaining assumptions made in the model
affected the interconnectivity between each feature based on an established understanding of the
equilibrium cross-sectional channel process and capacity of the tidal prism to import a steady quantity of
sediment. Additional sea level rise in excess of 2 mm/year was found to have degradational effects on the
basin sedimentation rates, but that rates similar to present were found to be largely similar to present
depositional rates. This relatively stable relationship under present sea level rise conditions is likely
attributable to the stable sediment import assumption, and any changes in littoral volume contribution
would affect the overall results of the modeled long-term responses. Van Rijn (2015) found that the
inlet’s net import of sediment was less sensitive to an increase in sea level rise than to the
parameterization of the ebb-tidal delta volume, elevation, and how much sediment would be eroded from
adjacent beaches given specific dimensions of the ebb-tidal delta.
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2.3.4

Regional Sediment Management (RSM)
The balance of regional and local sand resources at inlets and adjacent beaches over longer

temporal scales (decades to centuries) is key to sediment management. There are increasing demands
within the United States to mine tidal inlet deltas as well as their navigation channels for use in beach
nourishment in addition to other competing social, environmental, and economic drivers. Evaluation of
tidal inlet and sediment transport processes within the context of a regional framework is not a simple
task and often requires the support of extensive field data collection, historical geomorphic data analyses,
and numerical aggregate morphodynamic models or process-based hydrodynamic and morphodynamic
models.
Finkl (2012) asserts that limited post-mining data exist to assess the impacts on the sand-sharing
littoral system and that few studies have accurately quantified the rate of recovery possibly owing to the
uncertainty in the equilibrium volume of inlet deltas, sand availability, storm frequency, and dimensions
and depth of the mining pit. Potential for overuse of tidal inlet deltas is high when the regulatory
requirements are centered on project-specific analyses that do not consider regional impacts at adequate
temporal scales (Finkl 2012). Multiple mining episodes in rapid succession can drastically compound
bypassing, erosion, and sedimentation issues between the inlet and adjacent beaches. Furthermore,
engineering at multi-inlet systems may expand the spatial impact because modification at one inlet may
trigger significant changes at another one, cascading potentially greater downdrift-associated problems
over decades to centuries.
Roelvink (2015) reviewed the state of the world’s sediment resources for use in littoral
nourishment efforts and found that sediments, and particularly sandy, littoral sediments, are becoming
increasingly rare minerals and that coastal managers will look to utilize more readily available sediments
contained within tidal inlet delta reservoirs. Here, Roelvink strongly cautions against the extraction
within any sediment sharing systems as that will lead to erosion elsewhere. Management of these
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resources will require an increased economic value of these resources beyond the costs of extraction to
make responsible planning decisions regarding these dwindling resources.
Bruun (1995) described the impact to shorelines downdrift of natural and artificial littoral drift
barriers as having short- and long-erosional wave signatures in the shoreline position, with long waves
(greater than 1 km) moving 2-3 times faster than short erosional waves (less than 1 km). Tidal inlets have
been widely reviewed for their downdrift impacts, and Bruun contends that their sediment bypassing
characterization is the best indication for determining the extent and magnitude of downdrift erosion. He
also points out that further deepening of the inlet channel through the ebb tidal delta bar can substantially
alter the bypassing mechanism, which was verified by Ridderinkhof et al. (2016), thereby impacting the
erosional response along adjacent beaches.
Bruun (1995) describes the effects of short waves as geomorphological features whereas long
waves induce a materials deficit that is not as distinct, potentially contributing to misunderstanding or
ignorance in evaluation for regional management. Similar to Roelvink (2015), Bruun maintains that the
erosional problems caused by inlets and entrance channels must be mitigated against and serve as reason
to adopt laws preventing the creation of new littoral barriers. He cites the role of public agencies in their
regulation and maintenance of littoral barriers and that new law must be generated to establish “firm
‘coastal ethics.’”
French et al. (2016) discuss the need for conceptual frameworks within which scientific advances
are made in methods, field discovery, and modeling of coastal change. The researchers discuss a trend in
shifting away from reductionist models towards more explicitly resolved models that capture mesoscale
coastal morphodynamics (decades to centuries). Their study, as well as that by Nicholls et al. (2012),
argues that conceptual frameworks by which these modeling systems are employed have not evolved with
the improved understanding of coastal and estuarine management and the challenges at present. In
analyzing morphodynamic behavior, often the focus is on the relative volume change, and substantial
assumptions are made on the interconnectivity between the morphological features in the sediment
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sharing system. French et al. (2016) argue that when conducting regional sediment budgets, the need to
balance the budget leads to assumptions about the connectivity between morphological features that have
yet to be determined, or are later found not to be directly connected.
As a means of providing an interface between science, policy and management, the Coastal and
Estuarine System Mapping (CESM) system is a geomorphological framework that resolves littoral cellbased segments of the coastal and estuarine zones for management planning (French et al. 2016).
Additionally, French et al. (2016) recognize the importance of stakeholder buy-in and understanding from
the perspective of the citizen impacted by management decisions and that the CESM can help engage the
public stakeholders in such a way.
Wang et al. (2007b) developed a sediment budget for the coastal zone along the Western Scheldt
and Wadden Sea of the Netherlands to address management questions about long-term sand import/export
and interactions between estuaries and coastal processes. In this study they attempted to determine why
there was a discrepancy between the measured sand export of the Western Scheldt and decreasing ebbtidal delta volumes. The influence of relative sea level rise and tidal asymmetry were also taken into
account as well as anthropogenic modifications (dredging, mining, and placement).
Ultimately, the Western Scheldt is deepening and exporting approximately 1 million m3 of sand
per year while the coastline is losing about 10 million m3 of sand per year (Wang et al. 2007b). The
Wadden Sea is importing more sediment than it needs to keep up with relative sea level rise, with
approximately half of the import accounting for impacts due to the closure of the Zuiderzee. Altogether,
the Wadden Sea imports approximately 12 million m3 of sand per year through multiple tidal inlets. This
is approximately the same volume of sediment that is used to nourish the Dutch coast, which is not
sufficient to counteract both coastal erosion and sediment importation into the Wadden Sea.
Long-term geomorphological considerations include the loss of intertidal flat areas along the
Western Scheldt, and a decreasing bypassing capability of the decreasing ebb-tidal deltas along the barrier
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island chain of the Wadden Sea. Wang et al. (2007b) suggest that the implications of coastal sand
management policy will have a significant effect on the rates of erosion and sand import into tidal basins
and therefore should be carefully studied and consider the following: ecological functioning, sand
mining/maintenance, recognizing interconnected systems and not political boundaries, and alternative
nourishment methods including ebb-tidal delta nourishment and large-scale beach nourishments such as
the “Sand-Motor.”
Wang et al. (2012) broadly reviewed morphodynamic studies along the Wadden Sea and
suggested knowledge gaps both for the region and generally for barrier-inlet systems. Some of the
knowledge gaps include the following:
•

There are not sufficient measured datasets concerning the sediment transport field, broadly across
tidal inlets.

•

There is a need to understand morphodynamics and building sediment budgets with respect to
various grain size distributions and particularly between the mud and sand fractions within the
estuaries that tidal inlets serve. Additionally, the relative distribution of available grain size in
various morphologic formations in barrier-inlet systems is not well understood and this has
implications on sediment transport and management of sediments.

•

There exists various levels of uncertainty in volumetric sediment budget studies and little data
illustrate the amount of variation and error in these computations.

•

Understanding submerged feature morphodynamics such as the shape and cross-section of
channels in basins, cyclic behavior of ebb-tidal deltas, and the size, shape and bed level of intertidal flats needs to be improved.
In Wang et al. (2015), the effects of human impacts on the morphodynamics of two estuarine

systems were examined to review the critical threshold by which natural morphodynamics would be
permanently altered. They analyzed the Scheldt Estuary and the Wadden Sea basins in the Netherlands
and the Yangtze Estuary in China and reviewed human activities including engineering and dredging
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activities for navigation, flood protection, and shoreline management. Their use of defining “exceeding
thresholds beyond which the morphology of the tidal basins significantly changes, and loses its natural
characteristics,” also known as a “tipping point,” is an important aspect to consider in long-term
management planning of a coastal system. Wang et al. (2015) define thresholds at differing spatial scales
for specific activities such as a “limit to rate of disposal” for a channel at the “Macro-scale,” and discuss
the knowledge level around the threshold, whether or not there is a definite tipping point and the
consequences if the threshold is exceeded. Specific examples look at basin-level sediment budgets,
project level planform areal or volumetric change, or specifically cross-sectional area or depth change
within a specific channel. Although they found that the values and levels of thresholds were quite
specific to the areas they studied, the approach and types of thresholds are applicable to other tidal basins.
The concept of RSM, or a systems management of sediment resources, originated out of a shared
and growing understanding of long-term and regional impacts of sediment management practices (Rosati
et al. 2001). RSM is a management practice within the U.S. Army Corps of Engineers (USACE) that
coordinates multiple sediment-related engineering projects within a region across multiple business lines
in a systems-based approach to achieve greater benefits to the navigation, flood and coastal systems risk
management, and ecosystem restoration missions through optimization of the use of sediment resources
(Childs 2015; Kress et al. 2016; Lillycrop et al. 2011; Rosati et al. 2001; Schrader et al. 2016).
Management of an inlet’s hydrodynamics and morphodynamics are in large part connected to the
management practice of adjacent barrier island beaches, and at the regional scale, is considered RSM.
Over longer timescales, such as centuries, the impacts of sea level rise, climate change (e.g., storm
intensity and frequency), long-term cross-shore and longshore sediment transport patterns, regional-scale
uplift or subsidence, and regional-scale sediment supplies affect tidal inlet dynamics. Therefore, coastal
managers should also evaluate long-term changes at one or multiple inlets considering the connected,
sand-sharing, and basin-wide barrier-inlet system.
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2.4

Barrier-Inlet System Sustainability and Long-term Management Perspectives
Sections 2.2 and 2.3 focused on a review of investigations into tidal inlet morphodynamics and

sediment management of coastal barrier-inlet systems. The natural evolution of these geomorphic
features over geologic timescales, particularly centuries to millennia, has been investigated over the last
two centuries (Schwartz 1971) with continued refinement of existent hypotheses in the scientific
literature. Understanding the natural evolution informs engineers and scientists on how processes have
behaved in the past and what they are expected to do under future conditions, which provides a baseline
for understanding the effects of anthropogenic modifications to, and the potential sustainability of,
barrier-inlet systems.

2.4.1

Natural Barrier-Inlet Development and Evolution
In the geologic discipline, there are several theories that describe the development of barrier

islands (and subsequently their tidal inlets). De Beaumont (1845) described barrier construction as “wave
action on a shallow bottom removes sediment and piles it up to form a bank or barrier that parallels the
original shoreline, thus establishing a balanced profile above and below mean sea level” (Schwartz 1973).
Others have indicated that the barrier islands formed through the cutting of sandy spits or through the
submergence of coastal ridge features (Schwartz 1973). Schwartz (1971) summarizes these as all
plausible hypotheses that may make up the spectrum of processes forming barrier islands under rising and
falling sea level sequences.
Research has linked the development of the Holocene barrier islands to the slowed rate of sea
level rise over the last 3,000–5,000 years (Davis 1994; Davis and FitzGerald 2004). A fall in sea level
results in a regressive stratigraphic sequence of ocean-ward deposition by rivers and coastal littoral
sediments, and a rise in sea level may result in a transgressive sequence of landward migration of
sediments including barrier islands. Many Holocene islands studied have been linked with a steady
aggradational process due to the slowed rate of sea level rise.
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In the stratigraphic record, wave-dominated (sandy) coastal plains are common in the record;
however, the distinct bedforms and geomorphic features of barrier islands sediment lenses are not as well
preserved as tidal inlets (Hoyt and Henry 1967). This may be attributed to the theory of selfcannibalizing barriers under sea level rise, which consists of barrier island “rolling over” and onshore
transport of the sedimentary features that did not keep up with sea-level rise. The preservation of barrier
islands under transgressive sequences has been linked to the substrate below the active barrier island
(typically the sand-sized sediments) (Hoyt and Henry 1967).
Moore et al. (2010) found that the depth of larger-sized sediments, sands and gravels associated
with tidal and riverine inlet incisions, was correlated to the longevity of the barrier and its ability to “roll
over” and preserve that coastal barrier feature. If the materials of the substrate are greatly different,
however, the erosion of the coastal barrier through roll over and alongshore gradients may result in
degradation in the long-term. This may indicate that the preservation potential of natural barrier-inlet
systems will depend upon their underlying geological substrate under global sea level rise.
Investigations into the sustainability of barrier-inlet systems require an in-depth understanding of
the processes that generate these geomorphic features and the forces that maintain their development or
eventual degradation. Tidal and wave forcing are key factors in the constructive and destructive forces
that maintain deposition of sediments in the nearshore environment (Dean and Dalrymple 2002). These
processes rework sediment within a lens, or layer, of sediment deposition across the continental shelf at
shorter timescales (hours to days) than the relative change in sea level, and they are important
mechanisms facilitating the migration or translation of littoral sediments up and down the shelf with the
rise and fall of sea level at millennial timescales. The variability of tidal and wave forcing may play a
crucial role in the long-term preservation potential for different barrier-inlet systems.
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2.4.2

The Effects of Sea-level Rise on Inlet Processes and Long-term Evolution of Natural Barrier-Inlet

Systems
Tidal inlets are ephemeral in their occurrence along barrier coasts, typically lasting approximately
10s to 100s of years, though they may persist longer if anchored through geologic constraints. The
primary processes that occur in a natural barrier-inlet system as sea level rises include the following: the
landward migration or rollover of the barrier island through overwash and landward aeolian transport of
sand; barrier-island breaching, establishment, alongshore migration, and closure of inlets; ebb-tidal delta
shoal avulsion; and onshore migration of offshore sediments from the continental shelf. Tidal inlets play
a significant role in shoreline erosion and accretion along barrier islands, as well as landward deposition
through flood-tidal delta development. A plan view and cross-sectional diagram of the barrier-inlet
depositional sequence, originally by Pettijohn et al. (1988) and modified by FitzGerald et al. (2008),
illustrate characteristic depositional features including washover fans and laterally migrating channel fill
sequences (Figure 2.7).
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Figure 2.7. Plan view and cross-sectional diagram of tidal inlet stratigraphy illustrating the sedimentology of a stable and
migratory tidal inlet in a barrier-inlet system (from FitzGerald et al. 2008, originally developed by Pettijohn et al. 1988).

The role of tidal inlets in barrier-inlet transgression over the temporal scales of their existence
(10s to 100s of years) is highly dynamical due to their relationship to the tidal prism of a basin and the
wave-driven littoral sediment supply from the coast. In general, the equilibrium relationships of tidal
prism to inlet cross-sectional area as well as ebb-tidal delta volume have been validated for cases where
relative sea level rise had increased basin area and tidal prism, thereby increasing the cross-sectional area
of the tidal inlets and sequestration of barrier sediments into tidal inlet deltas (FitzGerald et al. 2006).
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FitzGerald et al. (2008) summarized the cumulative effects of barrier-inlet processes in the context of sea
level rise:
•

The initiation of barrier island rollover will occur within 50 to more than 100 years dependent
upon rate of sea level rise, erosion rates, frequency of storms, and the volume of sand contained
within the barrier.

•

Barriers will tend to segment with more breaches through lowered barrier topography (due to the
reduction in sand supply), increasing the number of tidal inlets and capturing more littoral sand
from the open coast.

•

Inlet breaches along open water stretches of basins will sequester more sediment than inlet
breaches through healthy wetland/marsh back-barrier environments, thereby reducing the areal
extent of subaerial sedimentation resulting in limited changes to tidal prism.

•

Changes in basinal hypsometry will affect tidal asymmetry and prism, complicating the infilling
patterns of the basin and further modifying the tidal asymmetry and overall prism;

•

Smaller inlets with a smaller tidal prism may be better able to respond to sea level rise as their
cross-sectional areas widen, tidal prism increases, and yet their import of sediment into ebb- and
flood-tidal deltas does not exceed the littoral-derived (or riverine-derived) supply.

•

Larger inlets with a greater tidal prism, however, may require a greater import of sediment than
available from the sediment supply, causing their deltas to decrease relatively in size and
effectively drown the inlets.

•

Drowning of tidal inlets under sea level rise, or the reduction in functional tidal prism-equilibrium
sedimentation rates, can be exacerbated by accelerations in substrate subsidence and wetland
conversion to deeper, open water.
The role of sediment supply in barrier-inlet system response to sea level rise has been evaluated

in both aggregate modeling as well as numerical analyses. Sediment budgets have been shown to
demonstrate the overall sediment sources and sinks of barrier islands systems including projected beach
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erosion and accretion (Rosati 2005). If one assumes that the littoral sand supply along barrier islands do
not vary, and embayment orientations do not change substantially given island migration, roll over
processes and the resultant sediment budget may conform to a predictable model (Rosati 2009).
However, this may not be practical in most natural systems, where barrier dissection or changes in island
orientation may change the net littoral drift and therefore affect the sediment supply in a barrier island
chain.
The rollover potential has also been found to be related to the geomorphic shape and orientation
of the basin and the sediment contained within the barrier and estuarine. In a study by Moore et al.
(2010), the North Carolina outer banks barrier islands were predicted to have the capacity to continue to
roll over and migrate landward due to the supply of sandy materials in the substrate of the embayment and
due to the sufficient wave energy to mobilize sediments onshore at the rate necessary to sustain barrier
widths. On the other hand, the low-wave energy Louisiana barrier islands are in a delicate balance of
conditions and have been found to have limited sand supply in their substrate in addition to the rapid
relative sea level rise occurring there (Rosati 2009). Their migration potential may be more related to
changes in the basin shape, orientation, and supply of sediment in the substrate rather than the capacity of
the overall wave energy to transport sandy sediments landward.
Duong et al. (2015; 2017) reviewed the impact of specific climate change variables, specifically
sea level rise and wave climate, on the morphodynamics and stability of small tidal inlets. One
significant finding of their studies was the relative importance of a change in longshore sediment
transport rates on the overall dynamics of the tidal inlet. Of the three types of inlets evaluated (stable,
unstable and migratory, and intermittently closing), climate change driven variations (such as sea level
rise or storm direction, frequency, and intensity) can increase or decrease the speed at which small
migratory inlets move and/or close. Increasing sea levels would tend to slow this migratory process, yet
increasing storminess and changes to wave direction and/or intensity may speed up the process.
Additionally, they found that potential changes in tidal prism would play a larger role in inlet stability.
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In van der Wegen (2013), a process-based numerical modeling approach to long-term modeling
(100s of years) predicted known responses in tidal asymmetry and sediment importing in variable tidal
forcing and basin settings under accelerating sea level rise. However, there were variable results on the
tidal inlet cross-sectional response to tidal prism, leading to the conclusion that the prism to area
relationship exists for the first several decades but then diverges over time with cross-sectional area
continuing to increase even with a constant tidal prism. In all but a few scenarios, the basins eventually
cannot import sediment fast enough to keep pace with present sea level rise rates of ~0.5 m/century and
effectively “drown,” with the rate of acceleration of sea level rise controlling the rate of decay of
intertidal area. A unique situation identified in the modeling effort was the effect on very shallow
embayments with low tidal forcing which demonstrated continued sediment export under initial sea level
rise scenarios attributed to substantial tidal wave dampening. Overall, the focus of this study was limited
to the sand exchange between the littoral coast and basins through tidal inlets; it did not consider barrier
island processes under the effects of sea level rise and the implications for regional scale coastal
processes.
Rosati (2009) and Rosati and Kraus (2009) developed a decadal-scale, multi-barrier island,
sediment budget model based on empirical relationships of tidal prism to inlet cross-sectional area and
tidal delta volume to investigate aggregate changes under sea level rise and basin area change. Under the
assumption of conservation of volume, the barrier islands were also assumed to behave as reservoirs in a
sediment budget but with fixed alongshore sediment transport rates (assuming no changes in orientation
or wave energy). In a validation study at Barataria Bay, Louisiana, they found that the historical changes
in inlet cross-sectional areas and tidal delta volumes were larger than the equilibrium values supporting
the relationship, which skewed the overall results. They attributed this offset in values to the fact that the
barrier-inlet systems were already degradational with increasing tidal prisms and inlet cross-sectional
widths and areas.
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2.4.3

Anthropogenic Effects to Barrier-Inlet Systems of the United States
Humans have changed coastal barrier islands and tidal inlets broadly across the United States

through impacts on sediment supply from the damming of rivers to direct changes to the coastline through
engineering works. From a U.S. perspective, the most significant activities or changes to barrier-inlet
systems include the creation of new inlets (Dean 1988; Dean and Work 1993), closure of breaches,
shoreline stabilization, navigation channel stabilization (including structures), dredging channels to
change orientation, depth and width, sand mining and placement (Roelvink 2015), littoral and riverine
barriers to supply basins, and mineral and groundwater extraction effects on substrate consolidation
(Bruun and Gerritsen 2005).
Dean (1988) reviewed the earliest developed U.S. policies and practice related to the management
of altered and/or constructed tidal inlets in Florida and concluded that all government policies regarding
coastal sediment and tidal inlet implications should strive to reinstate the continuity of “natural net
transport of sand” around inlets. The study reviewed important inlet-beach interaction factors including
net and gross longshore sediment transport, structure design, and sediment dredging and placement
practices. Dean (1988) proposes that beach sediment losses are attributable to the following:
1) “blocking of net longshore sediment transport by the updrift jetty,
2) flow of sand over and through low and permeable jetties,
3) jetting of sand farther seaward to the ebb tidal shoals, and
4) removal of sand to maintain channel depth with disposal in deep water.”

2.4.4

Advancements in Regional Budgets of Barrier-Inlet Systems in the U.S.
Bruun (1978) formulated a simple, cross-shore model (known as the “Bruun Rule”) that describes

the landward migration of a barrier beach coupled with offshore sedimentation in the shelf to conserve
sediment volume across a beach profile under the rise of sea level. Dean (1987) furthered the model to
describe the effects of alongshore transport of sediment along a beach profile at equilibrium (Equilibrium
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Beach Profile model). Rosati et al. (2013) discussed the inclusion of landward sedimentation processes
on the Bruun Rule, which improves the realistic nature of barrier island transgression.
Recent studies on the impact of sea level rise to barrier island long-term sustainability by Houston
and Dean (Dean and Houston 2016; Houston and Dean 2016; and, Houston 2015, 2017) estimated large
regional sediment budgets for the east, southwest, and west coasts of Florida using beach profile data,
inlet shoal volume data, historical and projected sea level rise, and a list of engineering works (e.g.,
dredging, beach volumes). Their approach to compute sediment budgets of entire coastlines and deduce
the effects of sea level rise on shoreline recession include several critical interrelated factors influencing
sediment dynamics along barrier islands. Sea-level rise induced volumetric-change computations of the
barrier islands are based on the Bruun Rule and rely on the depth of closure determining profile width and
therefore controlling the estimations of erosion rates on total island area. When adding together the
volume change from passes, sea level rise, longshore transport, and engineering works (e.g., beach
nourishment), they found that total predicted shoreline changes should indicate a recession rather than
advance.
However, Dean and Houston (2016) found that the inclusion of an onshore flux of sediment
supplying the beaches balances the sediment budget. Basing onshore transport on shallow-water wave
theory with generally onshore-directed bottom shear stress on the continental shelf, as well as
documentation from other studies, they theorized that onshore transport across the continental shelf is
indeed realistic, and the concave shape of the beach profile further validates this hypothesis (Dean and
Houston 2016; Schwartz 1973). Estimates were derived from past historical budgeting and are
approximately 0.5 cubic meters per linear meter per year (m3/m-yr). These studies support the theory of a
slow supply of sediment from offshore, or continental shelf, sources into barrier-inlet systems.
The most interesting aspect of Dean’s and Houston’s work is their notion of shoreline advance
under a rising sea. They illustrated that under the present conditions, with availability of sediment, barrier
islands may indeed not be rolling back but are actually aggrading, or prograding, seaward. Despite the
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hypothesized accretional forces, measured progradation in barrier islands is location specific. This
finding may complicate present models of tidal inlet evolution dependent upon landward migration of
barrier islands under a transgressive sea. The implications of onshore sediment migration and overall
progradational barrier islands may affect the computation of local and regional sediment budgets,
warranting the need for future regional sediment studies along a variety of coastlines and continental
shelves.

2.4.5

Long-term Management of Barrier-Inlet Systems
Arguably, one of the most challenging research areas in the field of barrier island and tidal inlet

management has been on the direct consideration of coupling these features and an understanding of their
physical connectivity as a unified sediment sharing system. Although often managed separately on a
project-by-project basis, these systems are more increasingly being viewed in the context of regional
applications that attempt to holistically approach management decisions and engineering impacts.
A study by Wang et al. (2007b) on sustainable barrier-inlet management conducted a
comprehensive numerical analysis of the Dutch Wadden Sea tidal inlets to address research questions
concerning the import of sediment into the Wadden Sea basin and the discrepancy between the measured
sand export and a decreasing ebb-tidal delta for the Western Scheldt. Research questions included the
following:
•

How do the developments of the tidal inlets on the long-term look?

•

What are the possible effects for the sand-balance of the Dutch coast?

•

Which processes govern the developments?

•

What are the influences of the development on the coast erosion of the island-heads and on the
sand nourishment requirement for the coast maintenance?
Process-based Delft3D and the behavior-oriented model ASMITA were applied by Wang et al.

(2007b) to address the research questions using a comprehensive dataset that describes the geomorphic
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features and basic sediment transport processes. They determined that half of the sediment imported into
the Dutch Wadden Sea basin is due to relative sea level rise, and the remaining half is due to the impact of
the closure of the Zuiderzee. There is a sea level rise rate that would be greater than the capacity of the
inlets to import littoral supply to keep the basin in morphological equilibrium with the tidal conditions.
They estimate that it would take approximately 1 billion m3 to create morphological equilibrium of the
basin accommodating for the effects of the Zuiderzee closure. Their computations for sand import into
the Wadden Sea basins put the total volume of import at the same level as present day coastal
nourishment volumes along that coast, indicating the need for a balanced approach to regional sand
management between inlets, beaches, and tidal basins. Additionally, they also concluded that the
decreasing size of the ebb-tidal deltas would exacerbate erosion along the barrier island headlands,
accelerating coastal erosion already underway as the basins import approximately 10 million m3 per year.
Coastal management strategy recommendations laid out in the Wang et al. (2007b) study include,
but are not limited to the following:
•

Integrate sand mining and coastal maintenance in decision-making.

•

Disregard local and national boundaries with regards to watersheds.

•

Consider alternative nourishment methods, including the Sand-Motor and a large-scale
nourishment of an ebb-tidal delta as a means to nourish sediment into sand-starved basins.
Oost et al. (2012) discuss the morphodynamics of the East and West Frisian Islands and a

management perspective centered on a sediment-sharing barrier-inlet ecosystem. Of the many
suggestions to enhance and support sustainability, sand nourishment is a key management option that
“restore(s) the functioning of the larger eco-morphological units” in barrier-inlet systems. The
Netherlands, Denmark, and Germany have worked collaboratively over recent decades on an integrated
approach to planning and engineering efforts for the Wadden Sea.
More recently, a report by Oost et al. (2014) documents a research framework for sustainable
management and preparation for climate change. The “learning-by-doing” adaptive management strategy
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includes monitoring and data analysis, system research and modeling, and field experiments or pilot
projects. Most interestingly, as the Dutch Wadden Sea inlets are known to be flood dominant and losing
sediment from the adjacent coastline and ebb-tidal deltas, one pilot project will introduce a large-scale
(mega) nourishment to an ebb-tidal delta to increase the wave sheltering area behind the shallow shoal
and potentially increase the sediment supply to the basin. This approach to sand management is focused
at a larger geomorphic spatial scale with an expectation that the long-term effects of this project will take
decades to study and understand.
More contemporary advancements in considering regional scales in long-term management of
sustainable barrier-inlet systems in the United States have changed perceptions about coastal barrier-inlet
systems (Childs 2015; Rosati et al. 2001; Lillycrop et al. 2011; Kress et al. 2016). Examples of Regional
Sediment Management (RSM) practice for continental scale systems can be found in a number of
resource managing agency approaches in the U.S. (e.g. Hodgens et al. (2016), and Schrader et al. (2016)).
For example, mineral management of offshore continental shelves has conducted regional scale
evaluation of resources and comparing that to resource needs of that region such as that done for the
Atlantic Sand Assessment Project (BOEM 2017).
Following NEPA guidance, research and engineering design has looked toward more costeffective and ecologically considerate approaches for individual or project-level activities, such as the
USACE “Beneficial Use of Dredged Material” or “Engineering with Nature” (Bridges 2011). Most
recently, ecologically considerate engineering features have been evaluated and characterized as having
natural or nature-based traits, or Natural and Nature-based Features (NNBF) (Bridges et al. 2015). A
relevant example of this method is the dredging of tidal inlet shoals and strategic placement along
adjacent barrier islands to maintain the littoral sediment resources in the sand-sharing barrier-inlet system.
Strategic placement of sediment on interior barrier shorelines (along the estuarine shoreline) can provide a
platform for the migration of barrier islands that mimics the natural processes of overwash along managed
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coasts with designed barrier dunes and beaches. As the long-term impacts of those activities are
evaluated across regions, more regional benefits may be ascertained.

2.5

Summary
Coastal tidal inlet morphodynamics and sediment management practices for barrier-inlet systems

were summarized. Tidal inlets are highly dynamical geomorphic features along barrier island coastlines,
mobilizing and intercepting a substantial quantity of the littoral sediment contained within the sandsharing system. Details of inlet morphology, sediment transport, and tidal inlet bypassing mechanisms
provide the management practitioner an understanding of inlet behavior on short-to-medium timescales
(months to decades). An understanding of tidal inlet morphodynamics can inform the coastal inlet
manager or planner on best practices for engineering barrier-inlet systems over the long-term.
RSM is a management practice within the USACE that coordinates multiple sediment-related
engineering projects within a region to meet multiple objectives through optimization of the use of
sediment resources. A more regional perspective becomes integral to the computation of the long-term
geomorphic evolution of tidal inlets and subsequent management approaches. At the single inlet scale,
concerns over the general behavior of the inlet must also be evaluated in the context of long-term
processes, which affect regional-scale systems.
The natural evolution of the geomorphic features of barrier-inlet systems over geologic timescales
informs engineers, scientists, and coastal managers on how processes have behaved in the past and what
they are expected to do under future conditions. Over longer timescales, such as centuries, the impacts of
eustatic sea level rise, climate change (e.g., storm intensity and frequency), long-term cross-shore and
longshore sediment transport patterns, geologic isostacy and subsidence, and other important processes
affect tidal inlet dynamics. Long-term studies conducted at regional spatial scales, including adjacent
barriers and multiple inlets, are necessary to evaluate the cumulative effects of the aforementioned
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processes along with the effects of anthropogenic modifications, such as ebb-tidal delta mining and beach
placement, to barrier-inlet systems.
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CHAPTER 3
MORPHODYNAMICS OF BARRIER-INLET SYSTEMS IN THE CONTEXT OF REGIONAL
SEDIMENT MANAGEMENT, WITH CASE STUDIES FROM WEST-CENTRAL FLORIDA, USA

3.1

Introduction
In the United States (U.S.), barrier islands comprise much of the Atlantic Ocean and Gulf of

Mexico coasts. In this paper, barrier-inlet systems refer to the interconnected chain of barrier islands,
dissected by tidal inlets, through which sediment is exchanged across the littoral zone of the open coast
and the estuary (Davis 1994). The littoral zone here describes the alongshore and across-shore extent of
which coastal processes mobilize and transport sediments. Sediment transport along barrier islands
eventually encounters tidal inlets resulting in a complicated exchange of sediments through which they
may be trapped within the barrier or basin, or, are eventually bypassed across the barrier-inlet system.
Many of the barrier islands in the U.S. are heavily developed, with barrier beaches serving as
major tourist attractions. The tidal inlets between the barrier islands serve as navigation channels for both
commercial and recreational vessels. Ensuring navigation safety through the tidal inlet waterways and
maintaining the health of barrier-island beaches poses a major challenge in coastal and ocean
management in the U.S. and worldwide.
The concept of barrier islands and inlets as a system provides a systematic approach to investigate
the dynamic interaction between tidal inlets and adjacent shorelines. Dean et al. (1988) analyzed beach
erosion trends along the Atlantic coast of Florida and attributed 80-85% of beach erosion to processes
related to tidal inlets, many artificially modified. Engineering of an inlet through hard structures (e.g.,
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jetties, weirs, etc.) and sediment management approaches (such as channel dredging and beach-nearshore
sediment placement) are commonly employed tactics to ensure navigation safety and mitigate inletinduced beach erosion (Bruun and Gerritsen 2005; Dean 1988; Dean 1993; Dean and Work 1993).
Recently, planning for these types of engineering activities has motivated studies at larger regional spatial
scales (10s to 100s of kilometers, or km) and longer temporal scales (50-100 years) (Thom et al. 2012;
Nicholls et al. 2013; Oost et al. 2014).
Throughout the past three decades, the U.S. Army Corps of Engineers (USACE) and other
federal, state, and local agencies have sought to improve engineering practices at barrier-inlet systems in
the pursuit of more sustainable regional management of coastal sediment resources. Regional Sediment
Management (Rosati et al. 2001; Kress et al. 2016) is a systems-based management practice that
coordinates the efficient and effective use of sediments in coastal, estuarine, and inland projects. Broadly,
Regional Sediment Management (RSM) is a cooperative goal sought by local, state, and federal resource
agencies and the public, also referred to as “stakeholders,” to reduce potentially cascading
sedimentological impacts from anthropogenic activities to natural systems. RSM stakeholder groups
often meet regularly to evaluate RSM challenges and opportunities to continually revise and update the
RSM plan (Lillycrop et al. 2011). Regional scaling is typically defined by the stakeholder group and is
often a function of a predetermined physical or political geographic boundary, but may also be
determined by the available datasets and expected outcomes.
RSM is not unique to barrier-inlet systems. Examples of regional management of riverine-coastal
sediment systems in the U.S. include dam removal at the Elwha River (Warrick et al. 2015) and river
diversions in the Lower Mississippi River (Allison and Meselhe 2010). Coastal system examples include
regional-scale offshore sediment resource identification and allocation studies (Khalil et al. 2010, Ousley
et al. 2012), as well as studies that coordinate sediment sources and needs in navigation dredging and
adjacent beach placement projects for shore-protection (Hodgens et al. 2016, Schrader et al. 2016).
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The concept of RSM has been considered in the implementation of individually managed coastal
sediment projects for decades. However, the ties among various project objectives, such as maintenance
dredging of navigation channels and beach placement for shore protection projects, have not been
coherently linked by decision makers with a high priority until the 1990s. The project-centric
management approach, which is focused solely on the objectives and tasks required for a tactical
engineering action at the project location, is just one functional approach that must be managed with
multiple interrelated project objectives in a systems approach. Developing these systemic connections
within the U.S. happened iteratively through increased coordination across various federal, state, and
local agencies and stakeholders relating shared goals and the need for cost sharing to implement
complicated efforts (Martin 2002).

3.1.1

Sediment Management at Tidal Inlets
Tidal inlets serve as navigable channels that connect major coastal ports, harbors, and cities to the

open ocean. They offer a substantial economic benefit to economy, providing waterways for commerce
and recreational vessels. In the U.S., federally authorized and maintained navigation channels that make
up the coastal and inland marine transportation system include over 90 navigation entrance channels that
cross tidal inlets (Carr and Kraus 2002). Federally authorized navigation entrance channels are
maintained by the USACE through engineering the channel orientation, dimensions, and adjacent
structures for stability and navigability (Libeau 2007). Tidal inlets can be significant sediment sinks
along coastlines effectively trapping alongshore moving sediment from adjacent barrier islands (Bruun
and Gerritsen 1959, Dean and Walton 1975), complicating the engineered design of navigation channels.
Additionally, inlets may serve as sediment sources to barriers and basins (Elias et al. 2012b).
The navigability of dynamic tidal channels is a primary concern for maritime shipping and has
been maintained through diversion of shoaling sources and with various dredging techniques (Childs
2015). Direct channel dredging removes problematic shoals in the areas of transit, while so-called
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“advance dredging” typically expands the volume removed in the vertical and sometimes through
increased channel width to accommodate potential future sedimentation, thereby increasing the time
interval between dredging. In addition to dredging, navigability at tidal inlets can also be managed
through diversion and/or trapping of sediment transport, and has been implemented through weir
structures, jetties, designed sedimentation basins, fixed sediment bypassing plants, and other alternative
sediment management techniques (CEM 2002; Clausner 1999).
The effects of navigation projects at tidal inlets on beach erosion have been observed since their
inception (Bruun 1995; Dean 1988; Dean and Work 1993). However, it was not until the 1970s and
1980s that downdrift impacts were systematically correlated to navigation projects. The USACE Section
111 (River and Harbor Act 1968) studies that reviewed the effects of federal navigation projects on
downdrift beaches have led to remedial actions that include RSM practices to mitigate against past and
potential future impacts (Rosati 2011). In the U.S., the USACE plays a central role in the implementation
of RSM (Bodge and Rosati 2003).
RSM at barrier-inlet systems often employs coordinated mining of sediment such as at navigation
channels and tidal inlet deltas, with beach nourishment (Finkl et al. 2006, Rosati et al. 2001). An optimal
cost-to-benefit ratio has traditionally been used to determine the efficacy of using tidal inlet sediment
sources in nourishment projects (PIANC 2009). Long distances from a nourishment project to a sediment
source would increase costs due to high transportation expenses. As a result, offshore and nearshore
shoals, and sometimes upland sediment sources, have been used for beach nourishment at locations where
inlet sediment sources were too far away (Michel 2004; Finkl et al. 2007). Sediment resources from inlet
navigation channels and adjacent shoals are more cost effective for beach nourishment projects proximal
to the inlet (Childs 2015).
Despite the potential benefit for utilizing sediments dredged from navigation channels to mitigate
coastal erosion and balance the regional sediment budget, transportation costs, increased project
complexity and environmental issues concerning quality of dredged sediment have posed significant
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challenges in specific regions around the U.S. Environmental concerns range from sediment grain size
compatibility, color, composition, and contamination, amongst others. As a result, large amounts of the
littoral sediments that are deposited and subsequently removed from navigation channels have been
placed in upland confined disposal facilities or offshore disposal sites (Parson and Swafford 2012).
Nicholls et al. (2012) and Oost et al. (2014) have suggested and demonstrated a need to include
the interconnected coastal zone features in long-term planning. However, for the USACE, the decisions
are ultimately controlled by an acceptable cost-to-benefit ratio where the benefits of any engineering
action are required to be greater than the costs, with the caveat that the engineering actions must be
environmentally acceptable. Although the concept of RSM was formalized in the U.S. in the late 1990s
(Rosati et al. 2001), RSM approaches were slow to develop due to the longer time periods by which
system impacts could be ascertained. The project-centric management approach was and continues to be
a challenging constraint on the strategic RSM approach to multi-project management. Efficiently
executing RSM can result in the beneficial utilization of coastal sediment resources in a manner that
preserves coastal environments, a key metric for long-term sustainability practice (Nicholls et al. 2007,
Kress et al. 2016).

3.1.2

The Challenge: Regional Sediment Management on Long-term Timescales
A major challenge to RSM of barrier-inlet systems is in the collection of appropriate spatio-

temporal data with representative and valid conceptual, analytical, physical or numerical models that
inform time-variant sediment dynamics across the region. Larson et al. (2002) reviewed the various local
and regional processes that affect barrier-inlet systems. They summarized various natural and artificial
factors that can induce gradients in alongshore sediment transport rate, which affect shoreline
characteristics, inlet stability and nearshore bathymetry (Figure 3.1, adapted from Larson et al. 2002).
The conceptual model illustrates the challenges associated with RSM practice that must couple tide,
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current, wave, wind, and sediment transport over months, years, decades and centuries to understand and
predict morphologic change.

Figure 3.1. Spatio-temporal categorization of local and regional processes and barrier-inlet morphodynamics adapted from
Larson et al. (2002). The space within which Regional Sediment Management studies are typically undertaken is approximately
10s to 100s of km, operating on decadal to century timescales.

The objectives of this paper are to review and examine the various temporal and spatial scales
controlling the morphodynamics of barrier-inlet systems and to provide a framework on incorporating
inlet morphodynamic processes within RSM studies. We synthesize and characterize tidal inlet
morphodynamics and barrier-island management decisions appropriate to various spatio-temporal scales.
Several case studies are presented to illustrate how morphodynamic analyses could better inform RSM
decisions at multiple barrier-inlet systems and to discuss considerations for spatial variations. Continued
sea-level rise and other potential climate-related factors may intensify the need for expanding regional
planning at a centennial timescale. We propose an interactive flow chart as a decision framework for
planning and executing morphodynamic analyses.
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3.2

Morphodynamics of Barrier-Inlet Systems
This section discusses the general morphological and sedimentological characteristics of barrier-

inlet systems, with an emphasis on beach-inlet interaction and sediment pathways that are essential to
RSM. The discussion on barrier-inlet morphodynamics is organized based on the classification of Hayes
(1979).

3.2.1

Morphologic Characteristics and Sediment Processes
Tidal inlets separate barrier islands and serve as conduits for transport of sediment and water

between the back-barrier bay and the open ocean. Owing to the bidirectional tidal flow, tidal inlets often
develop delta-shaped landforms on both the land and ocean sides, referred to as a flood-tidal delta and
ebb-tidal delta, respectively (Hayes 1975). Tidal deltas are also referred to as flood- and ebb-tidal shoals
in mostly engineering literature. The terms flood- and ebb-tidal deltas are used in this paper. John’s Pass,
a heavily modified, federally maintained inlet is used here to illustrate the various natural and artificial
features associated with an inlet (Figure 3.2). Much of the flood-tidal delta has been engineered through
dredge and fill practice into what are referred to as finger channels (or finger canals; Figure 3.2). A
bridge was constructed across the narrowest section of the inlet. Both the main channel and the ebb-tidal
delta have been dredged multiple times, with the sand used to nourish adjacent beaches. The attachment
of the ebb-tidal delta at the downdrift beach is apparent from both the aerial photo and the bathymetry.
Since the ebb-tidal delta often plays a significant role as a sediment resource in RSM, its
morphological characteristics is discussed in more detail here (Figure 3.2). An ebb-tidal delta typically
has a main channel extending up to several kilometers from the throat between the two barrier islands. A
terminal lobe is typically located at the seaward limit of the ebb jet (Hayes 1975; Oertel 1988), outlining
the distal portion of the ebb-tidal delta. A channel running along the barrier beaches directly adjacent to
the inlet is referred to as a marginal flood channel because it tends to have longer period of flood flow
with higher velocities than ebb flow. The channel margin linear bar (Figure 3.2) is the shallow
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morphologic feature located directly adjacent to the main channel, which has also been described as a
levee-type depositional feature (Boothroyd 1985). For the case of John’s Pass, an attachment point (or
zone) connecting the ebb-tidal delta with the downdrift beach is apparent, illustrating the morphologic
result of sand bypassing across the ebb-tidal delta. However, not all tidal inlets have morphologically
distinct attachment points.

Figure 3.2. Common terminology for engineering features at a tidal inlet (left panel; photo source: Google Earth); and,
terminology for the morphological features of a tidal inlet using John’s Pass in west-central Florida as an example (right panel;
photo source: 2014 bathymetric survey, University of South Florida.).

The main ebb channel is maintained primarily by a strong ebb current, or ebb jet, which tends to
drive a net offshore transport of sediment towards the terminal lobe seaward of the channel. Swash bars
are distinguishable over the entire ebb-tidal delta platform and have a distinctive bar-shaped morphology.
With ample sediment supply, swash bars may become increasingly shallow and oriented parallel to the
dominant refracted wave angle, and may migrate onshore and weld to the beach. The processes of swash
bar development and attachment have been studied at mixed-energy, mesotidal inlets (FitzGerald 1982;
McClung and Douglass 1999; Oertel 1988; Sexton and Hayes 1982; Ridderinkhof et al. 2016).
The morphological characteristics of barrier-inlet systems illustrate significant variations. Hayes
(1979, 1980) and Davis and Hayes (1984) developed a morphodynamic classification of coasts explaining
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the variations of the morphology based on relative dominance of tide or wave forcing. Davis and Gibeaut
(1990) adopted Hayes (1979, 1980) morphodynamic approach and described tide-dominated, wavedominated, and mixed-energy (straight and offset) barrier-inlet systems. The John’s Pass example
(Figure 3.2) discussed above is a mixed-energy, straight barrier-inlet system. The morphological
characteristics of different kinds of barrier-inlet systems can vary in terms of the size and shape of ebband flood-tidal deltas.
Tide-dominated inlets tend to be stable and have characteristic shore-perpendicular, channel
margin linear bars extending along a deep main ebb channel. They tend to have more convex-shaped
updrift and downdrift lobes on the ebb-tidal delta with no distinct terminal lobe due to strong tidal
flushing and limited influence of wave energy. Mixed-energy inlets tend to have complicated shoal
patterns across the ebb-tidal delta including two, one or no channel margin linear bars, swash bar
complexes, one or multiple ebbing channels, and one or multiple terminal lobes (e.g., Figure 3.2). Wavedominated ebb-tidal deltas tend to be relatively smaller than the previous two types and typically have
multiple, migratory shallow channels and may or may not have a prominent terminal lobe. Many wavedominated inlets are migratory, and therefore may not develop a distinctive ebb-tidal delta. FitzGerald
(1996) suggested that the morphodynamics of a barrier-inlet system are further controlled by a
combination of processes and geological factors, in addition to just waves and tides.
Tidal deltas serve as the dominant sediment sinks for littoral sediment moving along barrier
islands. Typically, the volume of sediment in ebb- and flood-tidal deltas are orders of magnitude greater
than that scoured from the inlet channel via incision, suggesting that inlet incision is not the main source
of sediment for the flood- and ebb-tidal deltas. Hayes and FitzGerald (2013) suggested that for mesotidal
barrier-inlet systems, ebb-tidal deltas could comprise the majority of the sands within the system. For
example, Hayes and Sexton (1989) found that 77% of the sand was stored within the ebb-tidal delta and
ebb channel fill complex for a mixed-energy, barrier-island system in South Carolina. Therefore, tidal
deltas, especially the ebb-tidal delta, play a crucial role in RSM of barrier-island system.
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3.2.2

Sedimentological Characteristics
An understanding of the sediment distribution in a barrier-inlet system provides crucial

knowledge supporting decision making on dredging or structural engineering works at the various
morphological features, which have variable sediment characteristics. Sediment grain size is also the
most important factor for using the sand resources for beach nourishment. Accurate descriptions of
sediment grain-size distribution play a substantial role in predicting the morphodynamics of barrier-inlet
systems because the existing empirical formulas used by numerical models for calculating sediment
transport rates are quite sensitive to grain size. From a modeling perspective, a numerical model’s
capability to incorporate spatial variations of sediment properties is essential to accurately simulating
sediment transport and subsequent morphology change. The sediment properties within a barrier-inlet
system are strongly controlled by its regional geological setting, specifically the sediment provenance.
However, within a barrier-inlet system, spatial variations of sediment property are controlled by the local
hydrodynamic conditions through selective sediment transport and deposition. In the following, general
sediment characteristics in different sub-environments are discussed.
Beaches and nearshore areas along barrier islands are typically composed of sand-sized
sediments. The coarsest sediment typically occurs in the swash zone due to selective transport resulting
in finer fractions being removed. Because the dynamic swash zone moves landward and seaward as tide
rises and falls, the coarser swash sediment can distribute across the entire intertidal zone. The supratidal
back beach is typically composed of moderately to well-sorted sand, the size of which is controlled by
regional sediment supply. Further landward, the sand dunes are usually composed of very well sorted
fine sand due to the highly selective nature of aeolian transport. Coastal dunes are often covered and
stabilized by vegetation, which constitute an important consideration in managing dune sand. Sediments
in the nearshore subtidal area are typically sand and are usually finer than the sediments in the swash zone
and on the back beach.
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The finest sediment in a barrier-inlet system is generally found along the backside of the barrier
island and over the flood-tidal delta. In sand dominated barrier-inlet systems, such as those along the
Florida coast, the flood-tidal delta may be composed of mainly fine sand with varying amount of organic
mud. The sediment may be cohesive in some flood-tidal deltas where there is a higher content of mud
within the basin or from riverine supply, such as those along the Georgia Bight where the flood-tidal delta
is comprised of 10-15% of mud (Hayes 1994). Furthermore, flood-tidal deltas serve as key habitats for
submerged aquatic vegetation such as seagrasses, mangroves, and salt marsh grasses, providing an
ecological challenge to sediment management.
The coarsest sediment in a barrier-inlet system typically occurs in the main channel, where the
strong tidal flow removes the finer fractions of the sediment leaving the coarser fractions, or lag deposits,
on the channel bottom. The coarse lag deposits play a crucial role in controlling the scour in the main
channel. The nature of the lag deposit is determined by the sources of coarse sediment. For example,
along the Florida coast, the coarse lag deposits are mostly composed of large shell debris or rock outcrop,
whereas large gravels (originated from glacial outwash or relic riverbeds) occur on the bottom of inlets
along the northern Atlantic coast of the U.S. Scour of the main channel can also be influenced by large
bed forms (Whitmeyer 2007). Large sand waves and dunes at the bottom of the main channel can
significantly reduce the flow power in transporting sediment and therefore control the scour. In some of
the Florida inlets, base limestone is exposed at the bottom of the main channel. Exposed cohesive and
stiff mud can also inhibit or slow down channel bottom scour.
Ebb-tidal deltas are mostly composed of sand-sized sediment, which tend to be compatible to that
on the beach and in the nearshore zone since they are the primary sources of sediment. A certain degree
of spatial variation in grain size occurs over the ebb tidal delta, dependent upon native littoral sediments
as well as relative energy conditions. Shallow portions of the ebb-tidal delta platform, including the
channel margin linear bars and swash bars, tend to have relatively coarser sediment due to the selective
transport by breaking waves. In comparison, the terminal lobe tends to have finer sediment. The deeper,
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distal portions of the ebb-tidal delta generally contain the selectively transported finer portion of
sediment. Because the ebb-tidal delta may serve as a sand source for beach nourishment, detailed
characterization of its sediment properties is often necessary in RSM to ensure compatibility of the sand
source with beach sand.
Overall, in addition to considerable spatial variations as controlled by geological settings, barrierinlet systems exhibit a particular trend of grain-size variation as determined by the specific hydrodynamic
conditions. Additionally, engineering activities, such as beach nourishment, may influence the littoral
sediments in the vicinity of inlets with a generally higher percentage of beach-sized material with limited
fractions of very fine (e.g. silts or clay) or coarse sediment (e.g. gravel). Accurately capturing the spatial
pattern of sediment properties is essential in the development of RSM strategies, as well in predictive
models of barrier-inlet morphodynamics.

3.2.3

Engineering Activities at a Barrier-Inlet System
In general, engineering activities at tidal inlets attempt to achieve two goals: to protect and restore

coastal infrastructure and habitat, and, to ensure and improve navigation safety. These two goals are
often conflicting, e.g., navigation work may induce negative impacts on an adjacent shoreline, while
beach nourishment along an inlet-adjacent shoreline may increase channel infilling (or, shoaling). In the
past, these goals were often achieved at the project scale, which have sometimes led to negative impacts
elsewhere in the barrier-inlet and regional system. The practice of regional sediment management seeks
to minimize negative consequences through a systems approach considering adequate temporal and
spatial scales. In the following, individual engineering activities commonly conducted at a barrier-inlet
system are discussed to provide background knowledge for the subsequent discussion on systematic
approach.
Engineering activities directly at tidal inlets are typically aimed at ensuring navigation safety.
Both soft and hard engineering approaches may be utilized. A typical soft engineering approach is to
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dredge the inlet channel to make it deeper and wider. Often, the dredging operation is conducted
repeatedly, also referred to as maintenance dredging, and is therefore associated with recurring costs.
Dredging of a new channel position and orientation is often performed for inlets with an alongshore
migratory behavior, temporarily disrupting sediment bypassing. Additional dredging, or mining, of tidal
inlet deltas may reduce the functional sediment bypassing and disrupt alongshore sediment transport to
adjacent beaches (Walton and Dean 2011).
Hard engineering structures are generally designed to stabilize the shoreline of a migratory inlet
and to prevent longshore moving sand from settling into the inlet channel. An inlet can be stabilized by
building a seawall along the barrier island shoreline, as is the case at John’s Pass (Figure 3.2, left panel).
Jetties are often constructed to prevent sedimentation from longshore sediment transport as well as to
reduce sedimentation through the focusing, or jetting, of flow through the channel. The increased
velocity in a jettied inlet can increase the flushing capacity; however, it may also result in excessive
channel scour that is not desirable under some circumstances, such as scour around bridge pilings or other
navigation structures. Additionally, jetted flow beyond the jetty tips can modify the natural sediment
bypassing patterns. For the case of John’s Pass (Figure 3.2), two jetties stabilize the inlet channel that a
bridge spans. Increased tidal flow due to an artificially reduced cross section can contribute to additional
bridge pier scour, deepening of the inlet channel, coarsening or hardening of the channel bottom substrate,
and deposition of jetted sediments to deeper open water.
The estuarine basins that one or multiple inlets serve are also important features that may be
heavily manipulated through anthropogenic activities. Engineered structures may be constructed to
channelize flow within the estuary, or protect infrastructure such as ports and harbors or habitat from
wind-generated waves. These structures may modify the tidal- and wave-generated flow field, and
subsequently the morphology of the estuary, as well as the inlet and adjacent beaches. Critical impacts to
the management of sediment in barrier-inlet systems often occur because of the removal and placement of
sediment or land reclamation within the estuary. Large-scale changes in the size, topography and
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bathymetry of a basin can modify the tidal symmetry and prism, and may influence the total sediment
budget of the interconnected delta features of one or multiple tidal inlets.
Engineering activities along barrier island beaches recently have focused on soft engineering
approaches that restore beach width and functionality (Dean 2002). Beach nourishment is by far the most
commonly utilized soft engineering method in the U.S. due to the often-minimal negative impacts to
adjacent beaches. However, by introducing a large amount of sand into the coastal littoral system, beach
nourishment can have negative impacts to tidal inlets in terms of navigation simply because the sand may
be transported and deposited in the inlet channel (Beck and Kraus 2011). In recent decades, several
locations have received regular sediment nourishment in the form of a nearshore berm, i.e., placing
sediment in the nearshore area instead of directly on the beach (Beck et al. 2012), including multiple
berms in Florida and one in southwestern Texas. Nearshore berm placement can be beneficial for several
reasons, the most common one being that the sediment quality does not meet the requirement for beach
placement (Brutsché et al. 2014a). Ecological constraints may also lend to the decision for nearshore
placement over a beach fill project (Brutsche et al. 2014b). Similar to a beach fill, nearshore berm
nourishment can also negatively affect inlet navigability due to increased sediment supply in the
nearshore area.
As global sea level continues to rise, a direct consequence associated with estuaries may be the
increased bay areas and subsequently tidal prism, which may lead to greater inlet tidal delta volume, and a
landward migration of the barrier-island systems (FitzGerald et al. 2006, 2008). From a sediment budget
point of view, increased tidal delta volumes may result in sand deficits along barrier island beaches.
Performance of past and present engineering activities needs to be evaluated under the likely scenario of
accelerated rising sea levels. One issue that has become urgently pressing is the increasingly limited sand
resources for beach nourishment (BOEM 2017; Ousley et al. 2012; Roelvink 2015), highlighting the need
for efficient and balanced regional sediment management.
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Dean and Houston (2016), Houston (2015, 2017), and Houston and Dean (2016) developed a
methodology for projecting long-term impacts of sea-level rise on to shoreline change over regional
scales from a sediment budget perspective that includes inlets and barrier islands. They hypothesized that
the application of the Bruun rule (Bruun 1962) in combination with projections of sand sources, sinks,
longshore transport gradients, and onshore transport from the continental shelf would provide a budget of
sediment for regional coastlines.

3.2.4

Morphodynamics Methods and Tools Supporting Regional Sediment Management
Perhaps the greatest advancement in scientific research and engineering of barrier-inlet system in

recent years is the improved temporal and spatial capability in numerically modeling morphodynamics.
Evaluation of tidal inlet processes within the context of a regional framework is not a simple task, and
often requires the application of process-based hydrodynamic and morphodynamic models and regionalscale, long-term morphodynamic analysis. Morphodynamic analyses conducted at tidal inlets are often
based on comparison of time series aerial photographs, bathymetry, and shoreline positions (FitzGerald
1984; FitzGerald 1988). These types of analyses depict qualitative or semi-quantitative trends of
morphological form and evolution, and provide valuable insights on barrier-inlet system
morphodynamics.
Hydrodynamic, sediment transport, and morphodynamic modeling is the modern approach often
taken to quantitatively examine various aspects of morphodynamics in barrier-tidal inlet systems (De
Swart and Zimmermann 2009; Dissanayake et al. 2011; Elias et al. 2006; Eysink 1993; Hibma et al. 2008;
Sha and Van den Berg 1993; van der Wegen 2013). A distinct advantage of numerical analyses is the
ability to conduct systematic testing of the various processes on barrier-inlet-beach morphodynamics
(Roelvink and Reniers 2011). A major challenge of the numerical modeling approach is the calibration
and verification of computed sediment transport and morphology change. There are also limitations in up
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scaling a model validated for a specific temporal and spatial extent to more general relationships
describing steady state, equilibrium, or long-term processes.
For RSM studies, it is necessary to couple dredging and placement operations at tidal inlets and
barrier islands in a regional context to quantify sediment exchange among large-scale features over the
long term. Two commonly used process-based numerical models in the U.S. are DELFT3D (Lesser et al.
2004) and the Coastal Modeling System (CMS) (Reed et al. 2011). DELFT3D has been applied to
simulate coastal systems (e.g., Elias et al. 2012a; Elias et al. 2012b). The CMS is an integrated suite of
numerical models for simulating flow, waves, sediment transport, and morphology change (Buttolph et al.
2006; Larson et al. 2011; Lin et al. 2011; Sanchez et al. 2014; Sanchez et al. 2016). The CMS has been
broadly used by the USACE and other researchers/practitioners in quantifying tidal inlet processes (e.g.,
Demirbilek et al. 2015a; Demirbilek et al. 2015b). Wang et al. (2011), Wang and Beck (2012), and Wang
et al. (2015) applied the CMS to simulate the hydrodynamics, sediment transport, and morphology
changes at several tidal inlets in west-central Florida, as discussed in the following case studies.
Aggregate models often address larger scale exchange of sediment between large features,
making them useful scoping tools for RSM. These models can simulate large-scale processes
deterministically or heuristically. Example models include the Inlet Reservoir Model (Kraus 2000; Kraus
2001), SedBox (Van Rijn 2015), and the Aggregated Scale Morphological Interaction between a Tidal
inlet and the Adjacent coast model, ASMITA (Stive et al. 1998; Stive and Wang 2003).
At a finer resolution as compared to aggregate models, shoreline models computing 1D or 2D
shoreline changes offer inclusion of more processes with finer spatial resolution. These models compute
sediment transport along a shoreline or several contour lines. Commonly applied numerical models for
shoreline change and longshore sediment transport include Genesis (Hanson and Kraus 1989) and
Genesis-T (Hanson and Kraus 2004), Cascade (Larson et al. 2006), GenCade (Frey et al. 2012), Unibest
CL+ (Deltares 2011), and Litpack (DHI 2009).
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At the heart of every RSM plan for the coast lies a sediment budget that balances the entire sandsharing system. A sediment budget is a balance of volumes (or volume rate of change) for sediments
entering and leaving a selected region of coast, a barrier-inlet system in the case here (Rosati 2005). A
balanced sediment budget is probably the most informative and effective bridge linking together all of the
interests of RSM stakeholders. A sediment budget is a tallying of sediment gains and losses, or sources
and sinks, among a series of connected cells over a given time (Rosati and Kraus 1999; Rosati 2005). For
the case of RSM, aligning the overall budget area with the definition of the region ensures accounting of
all relevant sediment sources and sinks.
A sediment budget can be calculated directly from time-series topography and bathymetry
surveys. When topography/bathymetry data with adequate temporal and spatial coverage are not
available, a sediment budget can be estimated using other indirect data sources or using empirical or
numerical models. Volume change can be calculated from assuming a shape of the beach profile and an
assessment of time-series shoreline change obtained from historical aerial photos. Sediment budget
datasets, such as topography/bathymetry or aerial photos, must be carefully evaluated within the context
of regional processes, e.g. subsidence. In some barrier-inlet systems, depositional features may
experience erosion or accretion at rates similar to regional or geologic scales, masking the volumetric
differences there (van der Muelen et al. 2007).
All the above tools may be applied and compared to develop as accurate a sediment budget as
possible. Computed sediment transport rates based on various empirical formulas may also be used to
formulate a sediment budget, although they can be associated with large uncertainties due to limitations in
input data and assumptions, as well as the availability of sediment. Computing sediment transport rates at
tidal inlets is complicated due to the combination of bi-directional currents and both breaking and nonbreaking waves, which refract and diffract over complex bathymetry, as well as interact with engineering
structures. Kraus and Rosati (1998) provided several methods for estimating uncertainties associated in
the formulation of sediment budgets at inlets. Walton et al. (2012) discussed the challenges and
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limitations in formulating an accurate sediment budget, particularly those related to assumptions
associated with budget development.
The morphodynamic function of the whole barrier-inlet system can often be viewed as dependent
upon successful inlet bypassing of longshore moving sand, including considerations for inlet-basin
dynamics as well as engineering actions such as dredging and placement of sediment in the beach and
nearshore. An analytical model may use estimated rates of net longshore sediment transport, regional
beach erosion rates, and growth rates of ebb/flood-tidal deltas about an equilibrium value to evaluate a
long-term exchange between beaches and inlets (Rosati and Kraus 2009).
Beck and Legault (2012) and Legault et al. (2012) offer a technical approach at a project scale,
which evaluated an optimal volume of mined inlet shoal sediment that could be used to supply adjacent
beach nourishment projects without adversely affecting (a) long-term shoal evolution, (b) wave field on
adjacent beaches, and (c) inlet navigability. A similar study by Walton and Dean (2011), evaluated
maintenance-dredging scheduling of the same inlet through an analytical solution of the PelnardConsidere equation applied to measured shoreline change rates. The analysis by Walton and Dean (2011)
suggested that shorter interval dredging and placement of smaller volumes was an optimal approach to
avoid detrimental effects to the adjacent beaches, whereas Beck and Legault (2012) emphasized the
longest ebb-tidal delta dredging cycle optimized by the volumetric limit that would not result in collapse
of the functional sediment bypassing pathways of the tidal inlet.
Empirical relationships between the ebb- and flood-tidal delta and inlet cross-sectional areas can
provide insights on the equilibrium volumes of major sediment bodies in a barrier-inlet system (Bruun
1978, Bruun and Gerritsen 2005, Powell et al. 2006). Bay areas and tidal range determine tidal prism, or
the discharge at tidal inlets, which is the basis for the above equilibrium analyses. Powell et al. (2006)
summarized equilibrium relationships between ebb-tidal delta volume and tidal prism, suggesting that the
sum of ebb- and flood-tidal delta volumes are on the same order of magnitude with tidal prism.
Incorporating net onshore-offshore sediment transport and relative sea-level rise, which may influence the
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computation of flood- and ebb-tidal delta volumes, can reduce the uncertainty in accounting for these
factors in long-term sediment budgets.

3.3

Case Studies on Management Strategies for Barrier-Inlet Systems with Different

Morphodynamics
As discussed above, the relative dominance of wave and tide energy controls the
morphodynamics of barrier-inlet systems. RSM strategies must properly consider and cope with variable
tidal inlet morphodynamics and sediment bypassing mechanisms so as not to negatively interrupt the
often-complicated pathways for sand to be transported from one side of an inlet to another. In this
section, case studies at two west-central Florida barrier-inlet systems are discussed to illustrate the
spatially variable morphodynamics with different sediment pathways, bypassing mechanisms and degrees
of engineering control.
Inlet management studies for two barrier-inlet systems along the west-central Florida coast were
recently performed (Figure 3.3). The case studies demonstrate the application of many of the
morphodynamic methods and tools described above. A sediment budget for each of the barrier-inlet
system is investigated to demonstrate the challenges involved in developing a regional sediment budget at
a multi-inlet system for the purpose of managing sediment at each individual inlet. These case studies
serve to illustrate the challenges of expanding temporal and spatial scales in RSM studies and the
compromises made as limited by existing knowledge and data.
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Figure 3.3. Location map for a regional sediment management case study of four tidal inlets, John’s Pass, Blind Pass, Pass-aGrill, and Bunces Pass, within a barrier inlet system in west-central Florida (lower right inset).

3.3.1

Management at an Artificially Stabilized, Mixed-Energy Inlet
John’s Pass, the northern-most inlet in the west-central Florida study area, provides an example of

a heavily structured and stabilized mixed-energy inlet (Figure 3.3). It is located at the south end of a 22km long barrier island (Sand Key), a large portion of which has been nourished every 5 to 7 years since
the 1980s. A considerable amount of the sand that is placed up to 15 km north of the inlet is transported
south, in the net direction of longshore sediment transport, and deposited on the John’s Pass ebb-tidal
delta. John’s Pass is separated from the next inlet to the south, Blind Pass, by the 5-km long Treasure
Island. John’s Pass was opened through a breach by a hurricane in 1848, after which it grew and
stabilized. As the growing John’s Pass captured more and more tidal prism, the neighboring Blind Pass
was destabilized and migrated rapidly to the south and was eventually artificially stabilized. John’s Pass
presently carries 81% of the tidal prism (Horwitz 2017). These two inlets are still hydraulically
connected; therefore, a RSM study would need to consider both John’s Pass and Blind Pass as one
barrier-inlet system because activities at one inlet would have significant influence on the other one.
As a federally maintained channel, navigation safety comprises a major concern and a high
priority. The first structure at John’s Pass was a bridge constructed in the late 1920s. Figure 3.4
illustrates time-series aerial photographs of John’s Pass from 1926 to 2010. The bridge has since been
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replaced twice due to bed scour at the piers. Maintenance dredging of a shore-perpendicular entrance
channel to John’s Pass has been conducted ever 5-7 years since the 1960s to reorient the tidal inlet’s main
ebb channel.

Figure 3.4. Time-series aerial photographs of John’s Pass, Florida, spanning 1926 to 2010. Note the dredge and fill development
activities filled substantial portions of the bay in the 1940s and 50s, and the attachment of the crescent-shaped shallow shoal and
attachment in the 1970 image. Source: University of South Florida.

Following the construction of the bridge, development on the barrier islands occurred including
converting the back-barrier mangrove swamp into structured islands (seawalls) and finger channels, as
illustrated on the 1945 and 1957 aerial photos (Figure 3.4). Construction of these artificial islands had
resulted in a 20% area reduction of the back bay serving both John’s Pass and Blind Pass, and a
corresponding reduction of tidal prism for both inlets. Along with the barrier island development, various
inlet stabilization structures were constructed including extensive seawalls along the inlet channel and the
back side of the barrier island. Jetties were installed along both sides of the inlet and have been extended
seaward a few times (Loeb 1994). The construction of seawalls and jetties has effectively anchored not
only the inlet but also the barrier islands. The construction and subsequent extensions of the jetties from
1960s to 2000s had significant influence on the adjacent beaches as the fillet have since extended to the
jetty tips on both sides of the inlet (Figure 3.4, 2010 image).
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All of these hard engineering projects were constructed to achieve local project goals of
navigation channel and shoreline stabilization without the concept or a framework of RSM. A likely
unforeseen consequence of these individual changes was the change of overall John’s Pass morphology
from an offset inlet (Figure 3.4, 1957 image) to a nearly straight inlet (Figure 3.4, 2010 image) and
influences on the stability of Blind Pass.
John’s Pass has been dredged numerous times since 1960 (Loeb 1994) to ensure navigation safety
of the federal channel. Dredging placement practices since 1960 have reflected the evolution of coastal
management, mostly focused on a local scale. For the two earliest dredging projects in 1960 and 1966,
the approximately 140,000 m3 of sand, then considered as dredge spoil, was placed on the southern flank
of the ebb-tidal delta as a nearshore berm, which bears similarities to a swash bar. Driven by natural
processes, much of the material was re-organized and formed a crescent-shaped sand bar and moved
onshore and eventually attached to the northern part of Treasure Island to the south of the inlet, as
illustrated in the 1970 aerial photo (Figure 3.4). The crescent-shaped sand bar attached to the beach
resulting in an enclosed lagoon, which was later artificially filled in the 1970s and early 1980s due to
environmental water quality issues. Sand from subsequent dredging projects after the 1970s was used to
nourish the beach directly adjacent to the inlet. This soft engineering sediment removal and placement
practice was solely focused on beneficial-use of dredged materials to address adjacent shoreline erosion
and did not adequately consider the overall regional requirements of sediment bypassing and sand sharing
at a regional scale although no apparent negative impacts were identified.

3.3.2

Management at an Artificially Stabilized, Wave-Dominated Migratory Inlet
Blind Pass, located in west-central Florida (Figure 3.3), provides an example of a heavily

structured and stabilized migratory inlet. The morphodynamics of Blind Pass are significantly influenced
by John’s Pass since they share the tidal prism of the same bay. The initiation and migration of Blind
Pass can be attributed to the opening of John’s Pass by a hurricane in 1848. The capture of tidal prism by
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John’s Pass reduced the tidal forcing at Blind Pass, and hence relatively increased the wave forcing and
transitioned Blind Pass from a mixed-energy inlet to a wave-dominated migratory inlet. Therefore, these
two inlets should be considered together hydrodynamically. Actions at John’s Pass should not adversely
affect the tidal prism at Blind Pass and vice versa.
Blind Pass migrated southward over 2 km from 1885 to 1926 after the opening of John’s Pass,
and was stabilized by a series of hard engineering structures beginning in 1937 when the first seawall was
installed along the downdrift (south) side of the inlet (Figure 3.5). Over the next 30 years, the inlet was
completely anchored by the construction of seawalls and jetties (Loeb 1994), culminating in the sand
tightening (i.e. decreasing permeability of the jetty) and raising of the north and south jetties in the late
1970s and early 1980s. Similar to the case of John’s Pass, all the hard engineering activities were
conducted without a RSM framework. A consequence of these activities is the chronically eroding
downdrift Upham Beach as apparent from the aerial photos after 1985.

Figure 3.5. Time-series aerial photographs of Blind Pass, Florida, spanning 1926 to 2006. Note the dredge and fill development
activities filled substantial portions of the bay in the 1950s, and the deterioration of the large bypassing bar after the 1969 photo.
Source: University of South Florida.

Migratory inlets are typically dominated by longshore sand transport in one direction, southward
in the case of Blind Pass. The stabilization of a migratory inlet typically results in an interruption of the
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continuity of longshore sand transport. The depletion of sand supply to the downdrift beach leads to
chronic erosion as evident from the aerial photos of 1985, 1995, and 2004 (Figure 3.5). In the meantime,
the inlet entrance channel impounded the longshore moving sand as apparent in the 1985 and 2004
photos, imposing risks for navigation safety. An apparent management solution is to dredge the sand that
is deposited near the inlet and place it along the downdrift beach. This artificial sand bypassing has been
conducted at Blind Pass since the 1990s, with various areal extents of the dredging template removing 50100% of the ebb-tidal delta. Other borrow sites have been used when the sand in the inlet channel was
not adequate to nourish the downdrift beach. It is likely that Blind Pass would have closed if it were not
artificially held open by periodic dredging in addition to stabilizing seawalls and jetties.
The design of the entrance channel and ebb-tidal delta dredging at Blind Pass has evolved over
time as the concept of RSM was incorporated. Wang et al. (2007a) illustrated that the development of
Blind Pass ebb-tidal delta has been hampered by the periodical dredging of nearly 100% of the sand that
was impounded by the inlet. Based on their findings, the 2010 dredging of Blind Pass included only the
entrance channel landward of the tip of the north jetty, with the goal of allowing the ebb-tidal delta to
fully develop and bypass sediment through natural processes.

3.3.3

Sediment Budgets and Regional Considerations for the John’s Pass and Blind Pass Barrier-Inlet

System
In the recent inlet management studies for John’s Pass and Blind Pass, we attempted to
incorporate a regional concept in the study, particularly concerning the development of a sediment
budget. Blind Pass was included in the John’s Pass inlet management study because it serves the same
back bay. Sand Key, located to the north of John’s Pass (Figure 3.3), receives periodical beach
nourishments and is a considerable sediment source influencing both inlets due to the net southward
longshore sand transport. Long Key, located to the south of Blind Pass (Figure 3.3), receives a significant
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amount of beach nourishment sand and thus was included in the local study area budget for the inlet
management plan.
Based on time-series analysis of bathymetric change and beach profile data from 2010 to 2014, an
annualized sediment budget was developed for John’s Pass and adjacent beaches. Figure 3.6 also
includes an annualized sediment volume calculation of the John’s Pass tidal inlet features (right panel),
offering sediment infilling rates for ebb-tidal delta mining activities (Beck and Wang 2019). The ebbtidal delta, as a whole, is gaining 73,000 m3/yr of sand mostly from southward longshore sand transport
and updrift beach nourishments. There is nominal exchange of sediments with the flood-tidal delta and
the inlet budget assumes no sediment exchange with the offshore area beyond the depth of closure based
on the time-series bathymetry data. A bypassing rate of 54,000 m3/yr was calculated for John’s Pass
(Figure 3.6, left).

Figure 3.6. Left: An annualized sediment budget for John’s Pass and adjacent beaches in m3/yr. Right: Annualized sediment
volume changes for John’s Pass tidal inlet morphological features and engineering actions (e.g. dredging templates) illustrating
that the largest gains are along the updrift channel margin linear bar and downdrift nearshore platform. (2010 image from
Google Earth.)
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The growth rate of Blind Pass ebb-tidal delta since the last full scale dredging in 2000 is
illustrated in Figure 3.7. Distinct morphological characteristics associated with sediment bypassing, i.e., a
shallow terminal lobe and downdrift swash bars, can be identified from the aerial photo and the recent
bathymetry. The ebb-tidal delta as a whole, gained 52,000 m3/yr of sand from the southward longshore
sand transport and beach nourishments on Treasure Island as well as the frequent beach nourishments at
the chronically eroding, downdrift Upham Beach (Elko and Wang 2007). The entrance-channel interior
shoal, which gained approximately 24,000 m3/yr, is used for adjacent beach nourishments. Blind Pass has
no appreciable flood-tidal delta. This budget also assumed no significant amount of sand exchanged
between the nearshore and offshore area below the depth of closure, as confirmed by time-series
bathymetry. The net transport calculated for downdrift beaches was estimated to be 25,000 m3/yr.

Figure 3.7. An annualized sediment budget for Blind Pass and adjacent beaches based on datasets from 2010-2014 (m3/yr).
(2010 image from Google Earth.)

At a larger scale, an annualized, multi-inlet sediment budget was developed for the time period of
2010-2014, including the updrift Sand Key beaches, John’s Pass, Treasure Island beaches, Blind Pass,
and Long Key beaches to the south (Figure 3.8). It is acknowledged here that the period 2010 to 2014 is
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quite short, and may miss longer-term trends and processes. The short duration was selected for two
primary reasons: 1) there was detailed topo-bathymetry data available at the sub-feature level (Figure
3.6), and 2) this period also captured the cycle of recent management activities including channel
dredging and beach nourishment projects. A longer-term sediment budget has been developed by CPE
(1992) and CTC (1993).
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Figure 3.8. Generalized sediment budget for the John’s Pass, Blind Pass, and islands of Sand Key (southern half), Treasure
Island, and Long Key. Volumes are given in m3/yr, and 300-m spaced range monuments for each island are denoted along the
island beaches (in black).

The period 2010 to 2014 during which the above sediment budget was computed is quite short,
and may miss longer-term trends and processes. However, this time period was selected for two primary
reasons: 1) there was detailed topo-bathymetry data available at the sub-feature level (Figure 3.6), and 2)
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this short period also captured the cycle of recent management activities including channel dredging and
beach nourishment projects. Applications of this sediment budget should fully consider this significant
limitation in temporal scale. This sediment budgeting approach reflects a common challenge in regional
sediment management studies that must contend with narrow temporal scopes set from previously defined
objectives for inlet management planning. A more comprehensive regional analysis of all sources and
sinks over a longer period of time could provide the necessary data to reduce uncertainty in a regional
sediment budget.

3.3.4

Management at a Partially-Structured Mixed-Energy Inlet
Pass-a-Grille inlet, located about 7 km north of the main entrance to Tampa Bay, provides an

example of a partially structured, mixed-energy inlet (Figure 3.3). As part of the complex entrance to
Tampa Bay, Pass-a-Grille is a relatively small inlet to the north of the main entrance channel. The updrift
(northern) side of the inlet and associated barrier island (Long Key) are stabilized with a jetty and
seawalls around the barrier island. The downdrift (southern) side of the inlet had historically abutted a
natural, shallow and open mangrove estuary that has since shoaled into a barrier island, Shell Key, over
the past 40 years (Figure 3.9). The emergence of Shell Key led to the closure of a significant branch of
the exit channel referred to as Pass-a-Grille South Channel (Figure 3.9).
Determining the spatial domain of the inlet management study for Pass-a-Grille in the context of
regional sediment management was challenging due to its location at the mouth of Tampa Bay. The
closed South Channel and Bunces Pass south of Shell Key should obviously be included (Figure 3.9). It
may not be necessary to include Blind Pass to the north because the hydrodynamic connection of these
two inlets is limited by the substantial land barriers within the bay including causeways and developed
islands. The main entrance to Tampa Bay (Figure 3.3) was not included in the morphology-change
modeling and sediment-budget analyses because of the limitations of funding and time requirement, as
discussed above. This constitutes a main challenge for regional sediment management study: devising a
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dividing line between large-scale regional features that arguably contribute to the overall sand-sharing
system being evaluated.

Figure 3.9. Time series aerial photographs of the Pass-a-Grille and Bunces Pass tidal inlets including Long Key to the north,
Mullet Key to the south, and the formation of Shell Key beginning in the 1970s.

Development along the southern end of Long Key started around the 1920s and is among the
earliest modern human development along the barrier islands of west-central Florida (Figure 3.9, 1945
photo). Inlet and beach stabilization structures, including a jetty, a groin field, and seawalls along the
north side of Pass-a-Grille inlet, were constructed mostly in the 1950s and 1960s. In the late 1960s and
1970s, human development of the mangrove islands was initiated to the east of the inlet entrance. These
residential developments, which started in the late 1960s and ended mostly in the late 1980s, included
dredge and fill operations to create waterfront properties and the construction of seawalls, causeways and
bridges. Similar to the case of John’s Pass, the above hard engineering projects were not conducted with
a framework of regional sediment management.
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Pass-a-Grille inlet has a relatively large ebb-tidal delta, with a volume of approximately 5.5 x106
m3 based on a recent survey in 2016. The ebb-tidal delta has been used as a borrow area for several beach
nourishment projects. A dredged mining area over the northern flank of the ebb-tidal delta is visible in
the 2002 aerial photo (Figure 3.9). The Pass-a-Grille navigation channel has been stable since the last
channel dredging in 1966. Despite the active sedimentation leading to the formation of Shell Key and
closure of the Pass-a-Grille South Channel, no additional maintenance dredging was conducted. An
attachment point of the Pass-a-Grille ebb-tidal delta at Shell Key can be identified on the 2002 aerial
photo (Figure 3.9). The bypassed sand was transported north and south of the attachment location,
resulting in beach accretion along the southern half of Shell Key and the eastward growth of the inletinterior spit along the northern end of the island.

3.3.5

Management at a Natural, Mixed-Energy Inlet
Bunces Pass, located about 5 km north of the main entrance to Tampa Bay, is a pristine, natural

mixed-energy inlet that serves part of the tidal prism of Tampa Bay (Figure 3.3). Despite the substantial
morphology changes in the vicinity of the inlet over recent decades, such as the formation of Shell Key to
the north and emergence of a large sand body to the south, the main channel has remained stable (Figure
3.10). The configuration of the channel has not changed substantially since the first relatively detailed
navigation chart of the area was produced in 1873, suggesting that the strong tidal currents driven by the
large tidal prism have maintained a deep and stable main channel. Except for a distinctive, shallow
terminal lobe (Figure 3.10), Bunces Pass demonstrates many characteristics of a tide-dominated inlet
including large updrift and downdrift channel margin linear bars and a shore-perpendicular main ebb
channel.
Except for a bridge located about 3 km landward of the entrance, Bunces Pass does not have any
hard engineering structures. The large and shallow ebb-tidal delta has a volume of approximately 8.9
x106 m3 (based on a recent survey collected in 2017) and has not been used as a sand source for beach
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nourishment. This largely benefits from the fact that Bunces Pass is adjacent to a County Park on the
downdrift Mullet Key, and that there are other sand resources available across the large Tampa Bay ebbtidal delta complex (Figure 3.3). The morphodynamics of the stable, mixed-energy Bunces Pass include
characteristic swash bar development along the downdrift (southern) flank of the ebb-tidal delta. These
large, often crescent-shaped swash bars migrate onshore and eventually attach to the shoreline over a
period of roughly 30 years (Sandoval 2015).

Figure 3.10. Time series aerial photographs of Bunces Pass (north) and Mullet Key, illustrating the cyclical migration and
attachment of large shoal to the northern end of Mullet Key.

3.3.6

Sediment Budgets and Regional Considerations for the Pass-a-Grille and Bunces Pass Barrier-

Inlet System
Comparing to the John’s Pass and Blind Pass case as discussed above, formulating a sediment
budget for the Pass-a-Grille and Bunces Pass inlet system is much more challenging because of the
complex morphology changes and barrier island development in the past 70 years, as illustrated by the
time-series aerial photos (Figure 3.9 and 3.10). Additionally, there is a lack of detailed time-series
bathymetry data for these inlets.
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Sediment budgets are typically formulated in terms of annualized sediment volume change rates
averaged over a determined period ranging from several years to several decades. An underlying
assumption for temporal averaging is that the rate of change is reasonably constant over the averaging
period. Furthermore, when applying the sediment budget to predict future changes it is assumed that the
rate remains similar in the future. In other words, no significant equilibrium thresholds of
morphodynamic change have been crossed. If these assumptions do not hold, caution should be taken and
clarification made to ensure that the uncertainties are clearly stated.
The constant change-rate assumptions are only conditionally true at Pass-a-Grille inlet and its
ebb-tidal delta. The development of an entire barrier island and the closure of a significant branch of the
exit channel indicate that several thresholds in hydrodynamics and morphodynamics have been crossed
over the past 40 years. Another commonly used simplification in sediment budget formulation is that if
the seaward boundary is defined at the closure depth then the sediment flux across the boundary would be
zero or negligible, as is the case for John’s Pass and Blind Pass.
The commonly used simplifying assumptions of constant change rate and negligible net crossshore sediment transport need to be carefully considered when formulating a sediment budget at Pass-aGrille and Bunces Pass. The development of Shell Key (Figure 3.9) between two large inlets indicates a
net onshore sand transport. Concurrently, nearly simultaneous net onshore sand transport also occurred
south of Bunces Pass (Figure 3.10). These suggest that the net onshore sand transport is driven by a
large-scale process, such as wave-induced, continental shelf transport of relict depositional features
associated with the former channel complex between Pass-A-Grille and Bunces Pass. An estimated
sediment accretion volume was developed for Shell Key and Mullet Key (Figure 3.11). This estimate,
spanning 50 years during which Shell Key was formed, was based on bathymetry surveys conducted in
1966 and 2016. The elevation baseline for the above analysis is the roughly the mean sea level, and the
volume gain represents that above this level.
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Shell Key was mostly developed by 1998. It is then assumed that the longshore sediment
transport rate and pattern since 1998 will remain reasonably constant and represent the pattern in the near
future. Therefore, the Pass-a-Grille and Bunces Pass inlets and their ebb-tidal delta budgets were
developed for the 20-year period from 1998 to 2017 based on the bathymetry surveys from these two
years (Figure 3.12). The volume changes along the beaches were estimated based on short-term beach
profile surveys and shoreline changes depicted from time-series aerial photos. Consistent with the
development of Shell Key, the ebb-tidal delta is gaining a considerable amount of sand from offshore
sources. Based on this budget, it was concluded that the Pass-a-Grille ebb-tidal delta could continue to be
used as a borrow site for beach nourishment.

Figure 3.11. Annualized sediment volume accumulation along Shell Key (north) and Mullet Key (south), Florida, for the period
of 1966 to 2016.
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Shell Key was mostly developed by 1998. It is then assumed that the longshore sediment
transport rate and pattern since 1998 will remain reasonably constant and represent the pattern in the near
future. Therefore, the Pass-a-Grille and Bunces Pass inlets and their ebb-tidal delta budgets were
developed for the 20-year period of 1998 to 2017 based on the bathymetry surveys from these two years
(Figure 3.12). The volume changes along the beaches were estimated based on short-term beach profile
surveys and shoreline changes depicted from time-series aerial photos. Consistent with the development
of Shell Key, the ebb-tidal delta is gaining a considerable amount of sand from offshore sources. Based
on this budget, it was concluded that the Pass-a-Grille ebb-tidal delta could continue to be used as a
borrow site for beach nourishment.

Figure 3.12. Sediment budget (m3/yr) for Pass-a-Grille and Bunces Pass tidal inlets, Florida, for the time period of 1998 to 2017.

The development of a sediment budget at Bunces Pass (Figure 3.12) follows the same scheme as
that of Pass-a-Grille inlet as discussed above. The ebb-tidal delta is gaining a modest amount of sand
from offshore sources. Therefore, the Bunces Pass system could be used as a reserve for sand resources.
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However, since the entire system is largely pristine (and adjacent to a County Park and Ecological
Preserve), the inlet is stable and the downdrift beach accretes and erodes through the natural process of
shoal avulsion with limited to no risk to existing infrastructure. Therefore, the overall recommendation
for Bunces Pass system was to let nature takes its course. Because the 1998 bathymetry survey did not
have adequate spatial resolution, a more detailed budget of various morphological features, as the case for
John’s Pass and Blind Pass, could not be formulated.
Implementing RSM at Pass-a-Grille and Bunces Pass barrier-inlet system is more difficult than
that at John’s Pass and Blind Pass due to morphodynamics that are more complicated. Limited by the
existing bathymetry data, the sediment budget for the Pass-a-Grille and Bunces Pass system has lower
spatial resolution and higher uncertainty as compared to that for John’s Pass and Blind Pass. However,
due to the far less hard engineering structures at Pass-a-Grille and Bunces Pass system, the management
strategies are less controlled by existing conditions. Similar to the John’s Pass and Blind Pass case,
potential long-term trend associated with sea-level rise was not included.

3.4

Discussion
A variety of management objectives, often initiated by one resource agency proponent, are

refined as the stakeholder team formulates and improves the initial RSM objectives. For many early
RSM projects developed for barrier-inlet systems, connecting navigation-dredging requirements to sand
placement needs saved on funding requirements with the benefit of keeping sediment within the littoral
system. For example, the navigation proponent agency’s requirement to dredge littoral sediments and
mechanically bypass them downdrift to assist with other coastal protection and restoration concerns is a
cost-efficient solution that meets basic RSM objectives. Alternatively, beach and estuary preservation
managers may seek out sediments from estuarine or navigation channel sources for various needs, thereby
sharing sediment within the system. However, the benefits to practicing RSM with a clear understanding
of barrier-inlet system morphodynamics are not as straightforward.
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The following discussion focuses on the case studies from the multiple-inlet system in westcentral Florida and offers several challenges, lessons learned, opportunities for improvement, and
potential application to other systems. Specific additions to improve RSM planning include quantifying
tidal inlet sediment bypassing processes. Future management plans will inevitably need to prioritize
longer-term processes beyond the next few decades. Finally, a Regional Sediment Management
Decision-Support Framework for barrier-inlet systems is presented.

3.4.1

Management of Tidal Inlet Sediment Bypassing
Tidal inlets tend to interrupt and impound alongshore moving sand and form ebb and flood-tidal

deltas. Engineering activities aiming at maintaining or improving navigation safety often result in further
interruption of the longshore transport. Therefore, a major task of RSM at a barrier-inlet system is to
managing the sediment bypassing across tidal inlets. Understanding and coping with the mechanisms that
move sand from one side of the inlet to the other side (i.e. sediment bypassing) is a key issue that must be
addressed in RSM planning. This section discusses the processes of sediment bypassing for different
types of barrier-inlet systems based on the FitzGerald et al. (2000) conceptual models and the case studies
described above, and, offers some considerations regarding the management of tidal inlet sediment
bypassing.
FitzGerald (1982, 1984, 1988) and FitzGerald et al. (2000) furthered Hayes (1979) discussion on
dominant sediment bypassing mechanisms and developed six conceptual models (Figure 3.13). These
conceptual models were developed based on time-series morphological changes observed from historical
aerial photos and are generally categorized based on the morphodynamic classifications of the barrierinlet systems as discussed above. Due to their crucial role in RSM, the conceptual models are
summarized here within the context of RSM.
Model 1 (Figure 3.13) depicts the sediment bypassing mechanism for a wave-dominated
migratory inlet. Relatively strong longshore sand transport results in the growth of a barrier spit and
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subsequent inlet migration. The long spit may be breached at or near the original inlet location because it
provides the highest efficiency for tidal flow. At a managed inlet, the breach can be executed artificially
such as at Captain Sam’s Inlet, South Carolina (Sexton and Hayes 1982) and Mason Inlet, North Carolina
(Cleary and FitzGerald 2003). Once the spit is breached, the downdrift portion of the old ebb-tidal delta
attaches to the downdrift beach, effectively bypassing a large amount of sand. The above process often
repeats itself at a time scale of several years to decades. In the case of Blind Pass, this process of
sediment bypassing was eliminated by beach nourishments and hard structures (e.g. seawalls) at the
potential locations of breaching.
Model 2 demonstrates sediment bypassing at a stable tide-dominated inlet. The ebb jet flushes
the longshore moving sand onto the ebb-tidal delta platform, forming swash bars due to wave actions
(Figure 3.13, Model 2, Time 2). The swash bars grow and migrate onshore, and eventually attach to the
shoreline, with a temporal scale on the order of tens of years (e.g. Price Inlet, South Carolina (FitzGerald
1984)). Sediment bypassing at John’s Pass follows this model, although with a certain degree of artificial
impacts due to ebb-tidal delta mining and navigation channel maintenance dredging.
Model 3 demonstrates the sand bypassing mechanism for a mixed-energy offset inlet. The curved
ebb channel would lose some degree of hydraulic efficiency, which may lead to a breach (Figure 3.13,
Model 3, Time 2). The swash bars and/or channel margin linear bars downdrift of the newly breached
ebb channel then migrate onshore and eventually attach to the shoreline, resulting in the bypassing of
sediment to the downdrift side (Model 3, Time 3). The time scale for this bypassing mechanism is
approximately tens of years (e.g. East Frisian Islands, West Germany (FitzGerald et al. 1984)). The
closure of the south branch and the development of Shell Key at Pass-a-Grille inlet show considerable
similarity to this model, although the “breach” was at least partially initiated by dredging of the main
channel.
Model 4 demonstrates the sand bypassing mechanism for a mixed-energy straight inlet (Figure
3.13, Model 4). Similar to Model 3, the main ebb channel is oriented downdrift, however, the main ebb
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channel would restore to its original position in the distal portion of the ebb-tidal delta instead of being
breached proximal to the inlet throat. Following the channel straightening, the swash bars on the ebbtidal delta platform may grow, migrate onshore and eventually attach to the downdrift shoreline resulting
in the bypassing of sand. The time scale for this bypassing mechanism is on the order of tens of years as
exemplified by New Inlet, Cape Cod, Massachusetts (FitzGerald and Pendleton 2002) and Vlie Inlet,
Netherlands (Elias et al. 2012b). Sediment bypassing at Bunces Pass follows this model.
Model 5 demonstrates the sand bypassing mechanism for a wave-dominated migratory inlet
(Figure 3.13, Model 5). Although similar to Model 1 in that the inlet migrates in the downdrift direction
as forced by the spit migration, the difference is that the breaching occurs at the spit platform downdrift
from the original inlet exit.
Model 6 demonstrates another sand bypassing mechanism for a wave-dominated inlet (Figure
3.13, Model 6). The wave-driven longshore transport moves across the shallow ebb-tidal delta to reach
the downdrift shoreline. This bypassing mechanism is relatively continuous, as opposed to the other
models with episodic events driving large change over a given interval of time.
Managing sediment bypassing around tidal inlets often plays a central role in RSM because it
reflects a fundamental confliction of interest, as illustrated by the case studies. Accurately understanding
and quantifying sediment bypassing around tidal inlets is crucial to resolve these management challenges.
Often times, a compromised decision has to be made. However, the compromised decision may reflect a
priority shift as influenced by the incorporation of RSM strategy.
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Figure 3.13. Six classifications of dominant morphodynamics and sediment bypassing processes at natural tidal inlets
(FitzGerald et al. 2000). The original models by FitzGerald were developed through analysis of time-series aerial photographs
illustrating the positions of geomorphic features (e.g. shoals) as they become emergent and migrate across the inlet ebb-tidal delta
platform.
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Sediment resource management for tidal inlets is typically concerned with the removal or
placement of sediment bodies at various morphological features within the barrier-inlet system, entirely or
partly. The commonly modified morphologic features are navigation channel shoals, the flood-tidal delta,
spit platforms, and the ebb-tidal delta and its sub-environments (channel margin linear bars, swash bars,
or terminal lobe). Figure 3.2 (right panel) illustrates the various features of a tidal inlet that are often used
for sediment mining. Furthermore, the management of tidal inlet sediments as resources in a regional
scale must include the fundamental concepts for sustainability, i.e., long-term stability and recovery of the
various interconnected features in the system.
Assessing the recovery of features from engineering actions typically involves quantifying
volumetric change over time towards an equilibrium state. In addition to quantifying the volumetric
recovery of a dredged channel or shoal, other factors to consider may include any adjustment of the
planform shape/area, current velocity field, wave field, and sediment transport pathways (Beck and
Legault 2012). A quantitative or semi-quantitative analysis using existing process-based models for the
above case studies was conducted, but is beyond the scope of this paper. The recovery analyses are
necessary to avoid recommending actions that significantly disrupts existing current-wave fields and
sediment transport pathways such that the morphodynamics of the inlet system would drastically change
over short- to medium-timeframes (Kraus 2001). For the case of an ebb-tidal delta, drastic change
beyond a stable or equilibrium threshold induced by natural processes and/or artificial modifications has
been referred to as a “collapse” of the shoals and is subsequently associated with the development of a
new equilibrium state (Finkl 2012). Collapse or morphological threshold exceedance at a tidal inlet
system is typically not a desired result of engineering actions.
For the case of the Blind Pass inlet management plan, not dredging the entire ebb-tidal delta in
2000 may lead to more frequent dredging of the entrance channel, in addition to creating a sand deficit for
the downdrift beach in the short term. These results would be viewed as negatives at a local project scale.
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However, allowing the natural sediment bypassing to be re-established would benefit the larger region
over a longer period of time, which is a desirable outcome within a RSM framework.
For the ebb-tidal delta dredging options for John’s Pass and Pass-a-Grille, issues of sediment
bypassing were addressed in the inlet management plan through quantification of rate of dredged mining
area infilling, or recovery. If the dredged area is located on an effective pathway of sediment bypassing,
then the area should be designed such that it would not take too long to recover and sediment bypassing
be re-established. The interruption to sediment bypassing should not be prolonged and irreversible. It is
often not realistic that ebb-tidal delta dredging would not have any influence on sediment bypassing.
Existing numerical models, such as CMS and Delft3D, provide effective tools for quantifying dredged
mining area infilling.
For the case of Bunces Pass inlet management plan, sediment bypassing was considered in the
context of a nearly pristine environment, therefore the tolerance for potential impact to natural sediment
bypassing was quite low. Dredging the shallow terminal lobe as an option to improve navigability of the
inlet and to provide sand for beach nourishment was not recommended despite the fact that the dredged
mining area can recover in several years. The Bunces Pass case also reflects a change of management
priority towards a RSM concept. The shoreline along a portion of the downdrift barrier island fluctuates
landward and seaward over a range of up to 300 m as part of the swash-bar attachment cycle, with a
period of roughly 30 years (Sandoval 2015). Therefore, to cope with this natural sand bypassing
mechanism, the management plan recommended a 300-m buffer zone, which is largely the existing
situation.

3.4.2

A Regional Sediment Management Framework
For the case of the barrier-inlet system, RSM typically considers multiple barrier islands, inlets,

shoal complexes, estuaries and associated rivers. A region is defined by the sediment transport pathways
within this interconnected physical system, although it is recognized that the physical system and the
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associated ecosystem could be modified by the RSM practice and may respond to natural forcing and
engineering activities beyond the spatial dimensions and time frames of the region (Bodge and Rosati
2003). Figure 3.14 summarizes generalized decision support tasks emphasizing the interconnectivity of
each undertaking in the planning process. Beginning with “Define & Prioritize Objectives,” the tasks are
approached in a clockwise direction through “Develop Management Plan and Iteratively Advance.”
Subset tasks listed under each generalized decision support task are specific to barrier-inlet systems and
are discussed herein with reference to the case studies.

Figure 3.14. The decision support tasks relevant to a regional sediment management study for a barrier-inlet system. The tasks
can be approached in a cyclical clockwise pattern from “Define & Prioritize Objectives” to “Develop Management Plan and
Iteratively Advance.”

91

A first step is to identify and prioritize the ultimate objectives of an RSM project. Coastal inlet
managers, who manage inlet and estuarine channels and tidal inlet shoals, are primarily responsible for
ensuring navigability, assessing stability, and quantifying inlet processes. Subsidiary responsibilities
involve environmental and social issues related to tidal inlets and their influence on the estuaries and
adjacent barrier islands. The subset tasks listed under “Define & Prioritize Objectives” in Figure 3.14 are
common for barrier-inlet systems; however, their priority in a particular RSM project may be constrained.
For the John’s Pass to Bunces Pass regional study area, individual management decisions previously
focused on maximizing inlet navigability may change towards a regionally focused conservation of
sediment resources.
When first aligning the stakeholder goals and objectives, often a limited scope curtails the
temporal and spatial requirements of analysis, design requirements, operational constraints, and other
planning actions in a RSM study. Common constraints on appropriately scaling the spatio-temporal
scope of a RSM study include funding levels and time limits, local and regional political boundaries, and
regulatory policies. It is important for a RSM project team and stakeholders to recognize these
constraints as their limitation on the study may not be apparent at the beginning of project. As an
example, regulatory constraints by the State of Florida require that the development of an inlet
management plan be funded and conducted at an individual inlet. We argued that a multi-inlet study is
necessary, as discussed above, and, the final inlet management plans for each inlet were developed within
a regional context. An alignment of multiple stakeholder objectives and goals will ultimately shape the
scope of the RSM effort, and therefore, inclusion of additional stakeholders to an RSM may influence this
scoping stage.
Once the objectives of the study are established and prioritized and the “region” is defined based
on the barrier-inlet system approach, background information and datasets would be compiled and
analyzed. A study on the overall geological setting is necessary to define the physical boundaries of the
region, which is crucial to, and may redefine, the spatial scale of a RSM plan (Bodge and Rosati 2003).
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As discussed above, tidal inlet hydrodynamics are functions of the tidal prism, wave climate, and
background geology and sediment type. Among these factors, the case studies focused on the
morphodynamics and sediment bypassing across tidal inlets. Neighboring inlets may have a substantial
impact on the primary tidal inlet of study, such as the case of John’s Pass and Blind Pass, and therefore
adjacent inlets and barrier islands should be considered under a RSM framework.
Environmental and ecomorphodynamic considerations in RSM can be very complex and are
beyond the scope of this study. Over longer timescales, such as centuries, the impacts of sea-level rise,
storm intensity and frequency, long-term cross-shore and longshore sediment transport patterns, regional
uplift or subsidence, and regional scale sediment supplies affect tidal inlet dynamics. However,
incorporating large scale and long-term processes is challenging as limited by both knowledge and tools,
and remains an active area of research.
Identifying information gaps as they relate to the study objectives can highlight the potential risks
in the planning and design of a RSM study. As discussed in the case study, Blind Pass was originally
managed with the goal of inlet stability through dredging and channel stabilization structures in the 1960s
and 1970s. Sedimentation and development of the ebb-tidal delta to restore natural sand bypassing was
identified as a knowledge gap from the early practices. Therefore, restoring the sediment bypassing was
recommended as a high priority based on the RSM framework.
Application of new research tools and analyses, and particularly the rapidly improving numerical
modeling capabilities, is crucial in bridging the gaps in knowledge and in evaluating specific management
alternatives. The predictive capabilities of a numerical model may enhance the optimization of sediment
management practices such as the capability of a bypassing system to fill dredged shoals within a tidal
inlet delta. Calculated operational efficiencies may assist coastal managers in meeting strict cost-tobenefit ratios required to mobilize construction equipment to engineer barrier-inlet systems, such as those
outlined in Beck and Legault (2012) and Schrader et al. (2016).
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From a planning and execution point of view, reevaluation of the objectives over time within a
working RSM plan, and periodic updates to that plan, are critical to managing evolving dynamic systems.
Following the reevaluation of knowledge gaps and monitoring of the designed RSM plan, adaptation is a
natural approach to adjust and change engineering designs and activities. Adaptive management is
critical to the RSM process in that it improves upon lessons learned, and it may be a way to mitigate the
limits from not knowing all of the potential impacts of a RSM action(s) at the beginning of an RSM
project (e.g. the morphological responses detailed in Figure 3.1). The subset tasks listed in Figure 3.14
may continue to evolve and be revised as objectives and priorities change and the understanding of the
interconnected processes for barrier-inlet systems improves.

3.5

Summary
RSM planning for barrier-inlet systems benefits from incorporating a comprehensive

understanding of morphological feature evolution and the spatial and temporal impacts from
anthropogenic modifications to multiple connected barrier islands and tidal inlets. The morphodynamics
and sedimentological characteristics of tidal inlet deltas, especially the ebb-tidal delta, are critical to the
management of barrier-island systems as they control the natural and engineered sediment bypassing.
Several tools exist to evaluate natural and engineered morphodynamics of tidal inlets at varying spatial
and temporal scales, including historical aerial photography analysis, numerical modeling of sediment
transport and morphodynamics, and sediment budget analysis. Evaluating sediment bypassing and
overall inlet morphodynamics play crucial roles in quantifying regional sand sharing along barrier-inlet
coastlines; particularly where sediment resources are scarce and a close coupling between inlet dredging
and beach nourishment is vital to long-term sustainable management.
A decision-support framework is developed for RSM with discussion of its application in barrierinlet systems management. A regionally focused, multi-inlet study for each individual inlet management
plan along the west-central Florida case studies is necessary. Examples from John’s Pass, Blind Pass,
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Pass-a-Grille and Bunces Pass tidal inlets demonstrated an evolving regional perspective through adaptive
management of the multi-inlet system. Key recommendations toward a more balanced regional sediment
management plan focused on the barrier-inlet morphodynamics of the west-central Florida barrier-inlet
systems and similar systems include,
•

Allowing the natural sediment bypassing to be re-established at Blind Pass inlet through limiting
the area and volume of ebb-tidal delta mining would benefit the larger region over a longer period
of time;

•

Issues of sediment bypassing for John’s Pass and Pass-a-Grille were addressed through the
analysis of dredged area infilling, or recovery, and lead to the recommendation that the dredged
area on active sediment bypassing pathways should not have a prolonged, less than 4-6 years for
the case studies, and irreversible impact on sediment bypassing;

•

Because the tolerance for potential impact to natural sediment bypassing at Bunces Pass was quite
low, dredging the shallow terminal lobe as an option to improve navigability of the inlet and to
provide sediment for beach nourishment was not recommended; and,

•

The management for Bunces Pass reflected a change in spatio-temporal expectations for a natural
tidal inlet, as compared to the other cases, that included the swash-bar attachment sediment
bypassing cycle. To cope with this natural sand bypassing mechanism, the management plan
recommended a minimum 300-m buffer zone. This recommendation is more in line with the
modern RSM framework.
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CHAPTER 4
TEMPORAL AND SPATIAL SCALES OF SEDIMENT TRANSPORT PATHWAYS FOR SANDY
BARRIER TIDAL INLETS

4.1

Introduction
Tidal inlets interrupt longshore moving sand, often resulting in sediment accumulation along the

updrift beach and within the ebb- and flood-tidal deltas, as well as erosion along the downdrift beach.
Engineering activities to improve and/or ensure navigation safety through tidal inlets often exacerbate this
interruption. Dean (1988) analyzed beach erosion trends along the Atlantic coast of Florida and attributed
80-85% of beach erosion to tidal inlets. Therefore, the capability to quantify sediment pathways at tidal
inlets plays a central role in coastal management.
Alongshore and across-shore exchange of sediments at a tidal inlet is complex, owing to the
combined effects of tides and waves, and results in a set of pathways by which sediment is transported
across the various morphological features associated with the tidal inlet. The mapping of sediment
transport pathways to understand the temporal and spatial scales and volumetric exchange across tidal
inlets and with adjacent beaches is a substantial research challenge. This study applied a sediment
tracking methodology within a sediment transport model that includes bed layering in the computation of
morphology change (Li et al. 2017). The temporal scale and spatial pattern of traced sediment exchange
between the various morphological features of an idealized inlet were examined.
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4.2

Methods
This study evaluated sediment bypassing at different spatial and temporal scales using the newly

developed sediment-mapping feature within the Coastal Modeling System (CMS). CMS is a twodimensional, depth-averaged hydrodynamics, sediment transport, and morphology change model
commonly used for tidal inlet applications (Sanchez et al. 2014). An idealized numerical model for a
mixed-energy inlet was designed by Styles et al. (2016) to imitate the John’s Pass tidal inlet in Westcentral Florida (Wang and Beck 2012), with similar bay-area, water depth (1.8 m), sediment grain size
(0.16 mm) and a corresponding equilibrium beach profile. Further details on model setup are available in
Styles et al. (2016).
The input wave forcing used WIS wave hindcast data (http://wis.usace.army.mil) for 1994
(Station 73268) at every 2 hours (Figure 4.1). Water levels were forced with eight tidal constituents from
NOAA Tides and Currents for this area, as was validated in Styles et al. (2016).

Figure 4.1. Significant wave height, peak period, and wave direction from the WIS hindcast spectral data from 1994
(http://wis.usace.army.mil).

The model was initialized with the resultant bathymetry from a 50-year simulation (Styles et al.
2016) to test bypassing pathways relevant to a moderately equilibrated tidal inlet system. The grid for the
idealized model (Figure 4.2) is oriented to match the John’s Pass case, where north is toward the top with
a net southward longshore sediment transport. The width of the inlet is 190 m. The ebb- and flood-tidal
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deltas developed to the extent that bypassing morphology is distinct for a mixed-energy tidal inlet. The
Van Rijn sediment transport formula was applied (Sanchez et al. 2014) with a scaling factor of 1.5, a
uniform sediment grain size of 0.16 mm, and a constant adaptation length of 50 m (Styles et al. 2016). For
morphology simulation, 10 sediment layers with minimum and maximum thicknesses of 0.05 and 0.2 m,
respectively were applied, including a constant mixing layer (Layer 1) of 0.05 m thick at the surface of
the bed. These commonly used parameters and bed layering are discussed in detail in Sanchez et al.
(2014). The sediment-tracking module is capable of documenting the sediment exchange both
horizontally and vertically, and, therefore, can examine sediment pathways among various morphological
features as well as sediment burial and erosion.

Figure 4.2. Modeling domain and zones of sediment tracer release. Left panel: tracer releases (A, B, C and D) based on
morphological features; Right panel: tracer releases along the updrift beach at 200-m segments (1 through 10).

Two scenarios of one-year simulations were conducted to investigate the temporal and spatial
patterns of sediment bypassing. The first scenario evaluated the time scale of alongshore movement of
traced sediment from 10 updrift tracer release locations along the beach, and their subsequent tidal inlet
entrainment. The time scale of alongshore movement of tracers is defined here as the time it takes for
0.1% of the tracer, an arbitrarily selected amount, to reach a designated morphological feature. For this
scenario, the morphological feature is the Updrift FMC (Flood Marginal Channel). The second scenario
assigned four tracers to the updrift and downdrift nearshore areas (Tracers A and B, respectively) to
evaluate sediment exchange between the beaches and the updrift and downdrift ebb-delta platforms
(Tracers C and D, respectively) of the ebb-tidal delta (Figure 4.2, left). Ultimately, this study aims at
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providing a methodology to evaluate sand entrainment, bed layer depositional characteristics, and
sediment transport pathways between adjacent beaches and morphological features of tidal inlets.

4.3

Results and Discussion
The idealized model yielded a reasonable sediment transport rate and morphology change pattern

(Figure 4.3) as compared qualitatively to the observed morphology trend at John’s Pass (Wang and Beck
2012). Figure 4.3 (left panel) illustrates the net sediment transport vectors summed over the one-year
simulation period. A net southward longshore sand transport along the beach and across the ebb-tidal
delta was reproduced by the model, as driven by the energetic northerly approaching wave, as well as a
net seaward transport through the main channel as driven by the ebb current. This also agrees with the
overall morphologic characteristics and ebb dominance of John’s Pass. The model correctly computed
general morphodynamics at this tidal inlet including channel shoaling along the northern side of the main
channel, scour along the main channel thalweg, and deposition along the terminal lobe of the ebb-tidal
delta, especially on the downdrift side (Figure 4.3, right panel). Overall, the idealized model realistically
captured the sediment transport pattern and morphology trend of the system it imitated.

Figure 4.3. Computed sediment transport and morphology change over the one-year period. Left: Computed net sediment
transport magnitude and direction; Right: Computed morphology change with generalized sediment transport modes and
directions.
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A generalized conceptual model illustrating the dominant sediment transport mode, i.e., wave- or
tide-driven, and direction is shown in Figure 4.3 (right panel). In the following, the results from sediment
tracking are analyzed and discussed to investigate the temporal and spatial scales of sediment bypassing
from the updrift beach to the ebb-tidal delta (first scenario) and sediment exchange between updrift and
downdrift ebb-tidal delta morphologic features (second scenario).

4.3.1

Sediment Exchange between the Updrift Beach and Ebb-tidal Delta
The updrift beach is the primary sediment source to the sedimentation and bypassing across a

tidal inlet. This updrift sediment supply may also include contributions from artificial beach and
nearshore nourishments. Therefore, the time scale for sand from the updrift beach to bypass the inlet and
reach the downdrift beach constitutes a parameter that is crucial for beach and inlet management. In order
to investigate the time needed for updrift sediments to move alongshore and reach the tidal inlet, sediment
tracers were seeded along 10, 200-m long cells updrift of the idealized tidal inlet (Figure 4.2, right panel).
The calculated annual net longshore sediment transport rate updrift of the tidal inlet was approximately
26,000 m3/yr to the south. The computed gross sediment transport rate was ~33,000 m3/yr with limited
northward transport due to the dominantly northerly approaching of energetic waves (Figure 4.1). The
computed longshore transport rate agrees reasonably well with that estimated by Wang and Beck (2012).
The first modeling scenario (Figure 4.2, right panel) examines the alongshore movement of
nearshore sand and the exchange with the tidal inlet (Figure 4.4). Three of the ten tracers, 1, 5 and 10,
representing different distances to the inlet, are discussed here. A significant winter storm occurred during
Days 3 to 4 of the simulation; therefore, the tracer movement during the first four days represents a storm
scenario (Figure 4.4, upper three panels). Comparatively, tracer distribution for the entire one-year
simulation is also discussed (Figure 4.4, lower three panels).
Tracer 1 was seeded directly adjacent to the polygon (morphologic feature) representing the
Updrift Flood Marginal Channel (FMC), a reference area used here for quantifying when sediment enters
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the inlet system. A substantial amount of Tracer 1, which is within 200 m from the inlet, moved into the
inlet channel and onto the ebb-tidal delta by Day 4 following the first major storm. Tracers 5 and 10
moved southward up to approximately 1 km with Tracer 5 reaching the updrift edge of the inlet while
Tracer 10 was still about 1 km from the inlet.
The first 0.1% of Tracer 1, moved into the tidal inlet system (including the Updrift FMC and
other inlet features) by Day 2 14:00 hours. For Tracer 5, it took until Day 3 16:00. It is worth noting that
the peak of the winter storm was on Day 3. The significance of the energetic conditions is also illustrated
by the distal Tracer 10, which did not reach the inlet until Day 61 08:00 during the second storm (Figure
4.1). These demonstrate the influence of storm waves in elevating alongshore sediment transport.
Approximately 94% of Tracer 1 had moved out of its original seeded area and into the tidal inlet during
the peak of the storm on Days 3-4, the details of which are further analyzed in the following section.

Figure 4.4. Calculated distribution of Tracers 1, 5 and 10 following the first storm (Day 4) and the full year simulation (Day
365). The color-scale represents tracer amounts (mass, kg) in a log scale.
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By the end of the full-year simulation, approximately 97% of Tracer 1 had moved out of the
original seeded area and onto the ebb-tidal delta and along the downdrift beach (Figure 4.4, lower left
panel). The more distal Tracers 5 and 10 had moved along the beach with approximately 64% and 11%
entrained within the tidal inlet features (Figure 4.4, lower middle and right panels). Tracers 5 and 10 are
located approximately 1 and 2 km from the updrift edge of the Updrift FMC (Figure 4.2, right). After one
year a significant amount of Tracers 5 and 10, and the associated sediment from those locations, were
deposited on the ebb-tidal delta.
A calculated migration rate of the surficially seeded tracers is roughly 320 m3 (~46,000 kg) per
km alongshore per year when averaging the movement of the mass of Tracers 5 and 10. Similarly, this
rate could be described as approximate weighted rates over a vertical mixing depth where variable tracer
seeding and mixing depths would affect this approximated alongshore migration rate for a tracer. Given
that the tracers were seeded within a depth of 0.05 m, which was also the constant mixing depth (i.e. the
thickness of Layer 1), it is important to include this parameter in reporting the relative rates of transport of
seeded tracers.
When compared to the calculated annual gross and net longshore sediment transport rate
integrated across-shore, the tracers had migrated at slower speeds than the gross value for longshore
sediment transport. In comparison to areas within the tidal inlet channels, the exposed nearshore and
beaches had the highest rates of transport within the top mixing layer (Layer 1), with limited deposition
and retention within Layer 2. As a result, this area had a higher exchange rate for sediments given the
forcing mobilizing alongshore sediment transport and the accommodation space within the cross-shore
profile of the equilibrated nearshore.
As expected, the model simulated much more active sediment transport during energetic wave
events (e.g. the passages of winter storms) than during calm periods, resulting in most of the surficial and
deposited layers of tracer being mobilized during storm events. Figure 4.5 illustrates the detailed
distributions of Tracers 1 and 10 during the second major winter storm from Days 60-62 (Figure 4.1). As
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discussed earlier, Tracer 10 reached the inlet on Day 61, driven by this storm. As is typical of a winter
storm passage, the pre-frontal phase involves short but intense southerly forcing, as occurred on Day 60
for this case, followed by the often prolonged northerly forcing. This typical cycle was correctly captured
by the model. The relatively high-energy southerly approaching waves on Day 60 resulted in a northward
transport of both Tracers 1 and 10 (Figure 4.5, middle panels). For Tracer 1, which was distributed
broadly across the tidal inlet features by this timeframe (Figure 4.5, lower left panel), the model
calculated that a portion of the tracer on the Updrift Channel Margin Linear Bar (CMLB) was transported
north during the pre-frontal northward forcing period (Figure 4.5, lower middle panel). This was followed
by the significant post-frontal southward transport and redistribution of the tracer (Figure 4.5, lower right
panel).
Tracer 10 followed a similar transport pattern as that of Tracer 1. During the pre-frontal phase,
the tracer advanced to the north along the beach and nearshore as driven by the southerly forcing (Figure
4.5, upper middle panel). By Day 62, the energetic, northerly-approaching waves induced significant
southward longshore transport that brought the tracer to the tidal inlet (Figure 4.5, upper right panel).
These results indicate that the numerical model is capable of capturing the detailed temporal and spatial
patterns of sediment transport between the tidal inlet and updrift beach.
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Figure 4.5. Calculated spatial distribution patterns of Tracers 1 (bottom panel) and 10 (top panel) following the second
significant winter storm (Days 60-62). Note the computed northward transport during the pre-frontal phase.

4.3.2

Sediment Exchange among Morphological Features of a Tidal Inlet
The second model scenario examined the exchange of sediment tracers among four shallow and

active morphological features that directly contribute to the sediment bypassing at a tidal inlet (Figure 4.2,
left panel). Figure 4.6 illustrates the modeled distribution of Tracers A, B, C, and D following the first
storm (Day 4) (upper panels) and the full year (lower panels). The movements of Tracers A, B and C are
controlled by both wave and tide forcing (Figure 4.3, right panel), while Tracer D is influenced mostly by
wave forcing. The modeled distributions of Tracer A, after both the first storm and the entire year, are
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similar to those of Tracer 1 as discussed above (Figure 4.6, left panels, and Figure 4.4, left panels). This
was expected due to their similar seed locations. Tracer B, which was seeded at the immediate downdrift
beach, moved mostly toward the south and downdrift. However, a significant amount of the tracer also
moved within the main tidal channel with some deposition on the Updrift CMLB. Tracer C, which was
seeded along the shallow and active Updrift CMLB, was transported and deposited over the entire ebbtidal delta and along the downdrift beach. Tracer D was mostly transported downdrift, with a small
amount (<0.001%) deposited in the main tidal channel. Overall, all Tracers were transported downdrift to
the south along the nearshore and beach. Nearly 78% of Tracer D moved south. Nominal amounts of all
tracers were transported on to the Flood-tidal Delta.
In the above discussion, the tracer magnitude represents the entire amount in the bed regardless
how deep the tracer is located below the surface. However, in areas of deposition, the tracer can be buried
and subsequently become inactive, while in areas of erosion, the tracer that was released in a thin mixing
(top) layer may be completely absent once the layer is eroded. In order to document the patterns of
erosion and deposition, the tracers were tracked in several sediment layers. To illustrate this depositional
process that results in tracer burial, an example is shown in Figure 4.7 illustrating the distribution of
Tracer A at various depth after one day (Days 3-4) of storm-induced active sediment transport. In general,
the quantity of tracer decreases with depth. It is worth noting that Layer 1 (Figure 4.7) is 0.05 m thick,
while layers 2, 3 and 4 are 0.2 m thick. The lesser quantity of tracer in Layer 1 after the first storm is due
to the smaller thickness. At areas with active sedimentation, the tracer can be buried up to 0.5 m below
the surface by an energetic storm. This agrees in general with field observations (Wang and Beck 2012).
The inactive, buried layers remained in the inlet channel beyond the first winter storm and were
gradually eroded and distributed across the Updrift CMLB by tidal currents for the case illustrated in
Figure 4.7. This demonstrates that the CMS sediment-mapping feature has the ability to simulate burial
and erosion of tracers, which is essential toward realistically capturing sediment transport and
morphology change and quantifying sediment bypassing.
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Figure 4.6. Calculated spatial distribution of Tracers A-D following the first storm (Day 4) and the full year (Day 365)
simulation.

Figure 4.7. Calculated vertical distribution of Tracer A and the total tracer mass in the top four layers after one full day (Day 3 to
4) of elevated sediment transport during the first winter storm.

More information can be obtained by examining the tracer distribution in different layers. Figure
4.8 illustrates the time-series distributions of Tracer A in the top 2 layers during the second significant
winter storm. Similar information is illustrated in Figure 4.5. However, the tracer amount was summed
for all of the layers. The pre-frontal northward transport between Days 60 and 61, as discussed above,
occurred mostly in the top layer (Figure 4.8, top left and middle panels). For the second 0.2 m-thick layer
(Figure 4.8, lower panels), the higher tracer concentration (the red colors) near the mouth of the inlet
remained mostly unchanged during the 3-day storm. This is reasonable since the morphology change in
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that area is mostly controlled by tidal flow, which functions gradually over time. The most distinctive
tracer change in Layer 2 occurred over the terminal lobe on the downdrift platform of the ebb-tidal delta,
illustrating the mostly tide-driven redistribution of sediment via the main ebb channel during this storm
event. This calculated deposition within Layer 2 illustrates the capacity of the broad and shallow
downdrift platform of the ebb-tidal delta to dissipate wave energy and accommodate deposition of
sediment transported by the ebb jet, even under high-energy events.

Figure 4.8. Calculated horizontal distribution of Tracer A in the top two layers after two full days (Days 60-62) of elevated
sediment transport during the second significant storm.

Figure 4.9 illustrates the distribution of Tracer A at the end of the one-year simulation in the top
three layers. The surficial Layer 1 and subsurface Layer 2 (0.2 m thickness) account for nearly all tracer.
The tracer distribution in Layer 2 corresponds well, and therefore indicates, locations of shoaling along
the Updrift CMLB and updrift side of the Terminal Lobe. This modeled depositional trend agrees
generally with the observed morphology change (Wang and Beck 2012).
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Figure 4.9. Calculated vertical distribution of Tracer A contained within the top three layers after one full year (Day 365).

4.3.3

Temporal and Spatial Scales of Sediment Exchange in the Vicinity of a Tidal Inlet and Potential

Applications of the Sediment Tracking Feature in CMS
This case study of an idealized tidal inlet characterized and quantified sediment transport
pathways between an inlet and adjacent beaches using traced sediments for a one-year simulation. The
computed rates of tracer migration along the updrift beaches and across the inlet morphological features
can indicate zones of increased burial as well semi-quantify the patterns of sediment transport and
bypassing. Figure 4.3 (right panel) summarizes the generalized sediment bypassing directions and modes
of transport over the one-year simulation. The modes of transport illustrated in Figure 4.3 are further
discussed here in terms of temporal and spatial scales of sediment exchange and bypassing at a tidal inlet.
For this specific case, sediment transport is dominantly from the north to the south for most of the
simulation period, particularly during the winter storm events in the first two months. The resulting
bypassing pathway of sediments reflects a gradual tidal-driven redistribution following event-driven
pulses of energetic wave-induced sediment transport. Sediment is mobilized along the Updrift Beach
during these energetic wave events and mixes with tidal flow, which transport and deposit the sediment
onto the Updrift FMC. This is followed by the redistribution and deposition (e.g. shoaling) along the
Main Channels via ebb- and flood-tidal currents. Further re-distribution of the deposited channel
sediments via mostly ebb-tidal current continuously redeposit a portion of the sediments along the Updrift
CMLB, Updrift Platform, and Downdrift Platform during fair-weather conditions.
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Wave-induced sediment transport during the northerly approaching energetic wave events tends
to be parallel to the coast, dependent upon wave direction. This shore-parallel transport resulted in an
alongshore redistribution of the sediments. Sediment transport along the downdrift platform is dominantly
directed south and towards the Downdrift Nearshore and Downdrift Beach. Although some of the
sediments that reach the downdrift nearshore and beaches may cycle back in to the inlet during infrequent
and weak southerly forcing, a majority of the sediment is simulated as being transported towards the
south. This sediment-bypassing pattern for an idealized John’s Pass inlet closely follows the patterns
identified in a sediment transport and morphology change study by Wang and Beck (2012).
The sediment-tracking module in the CMS provides a numerical tool to investigate the temporal
scale of sediment exchange between the updrift beach and tidal deltas, and subsequent sediment
bypassing to the downdrift beach. This can be used to evaluate the influence of nourishment along
adjacent beaches to the inlet and its bypassing mechanism. For the idealized John’s Pass case, substantial
quantities of the sediment placed within 1 km from the inlet can be transported to the ebb-tidal delta by
one storm (Figure 4.4, upper panels). Whereas sand placed farther than 2 km may take the entire winter
season and multiple storms. A significant amount of sediment placed within 1 km from the inlet, over
60% of the tracer, was deposited on the ebb-tidal delta during the first year with a considerable amount
bypassed to the downdrift side. For the sand that was placed over 2 km from the inlet, only about 10% of
the tracer reached the inlet channel and ebb-tidal delta with a minimal amount bypassing the inlet.
Although not detailed in this paper, specific quantities of tracer mass were tracked within the model
allowing for a more rigorous quantification of sediment bypassing at tidal inlets.
Tracking sediment within the bed-layering module can be used to examine the trend of erosion
and deposition within the beach-inlet system. Figure 4.7 illustrates the burial of tracers along the updrift
side of the inlet channel during a winter storm. Increased burial rates were found at the confluence of a
deep channel and adjacent nearshore areas, as was evident along the updrift side of the inlet channel.
Tracers were buried up to 0.5 m below the surface by one storm (Figure 4.7). The buried tracer was
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subsequently eroded gradually by tidal currents, mostly ebb flow, during fair weather conditions (Figure
4.9), and was redistributed offshore and to the downdrift by the ebb jet in combination with northerly
approaching waves (Figure 4.8). Deeper areas of the Main and Ebb Channels were not indicative of
higher burial rates as these features illustrated the least deposition. This is consistent with the observed
morphology trend at John’s Pass (Wang and Beck 2012).
Tracking sediment migration using numerical simulations is directly applicable to evaluating the
influence of sources and sinks within a tidal inlet system for coastal management practices such as
dredging (or mining) and placement of sediment. Once a numerical simulation is established to track
tracer migration across the adjacent beach and relevant tidal inlet morphological features, their influence
can be compared to sediment management alternatives such as the trapping potential within dredged cut
features. A key finding of these analyses that may inform sediment management studies is the correlation
of transport of previously buried sediments with other potential depositional features within a tidal inlet.
Additionally, the time scale of migration of tracers between sand placed at various updrift beach positions
and a tidal inlet may be used to evaluate placement design options.

4.4

Conclusions
The spatiotemporal patterns of sand transport and exchange between adjacent beaches and the

various morphologic features of a tidal inlet system can be systematically investigated through strategic
seeding of sediment tracers. These types of analyses may assist in sediment management studies where
there is a need to correlate the sources of sediment with their specific transport pathways, or to determine
the rate of transport between features in various dredging and beach placement alternatives.
High energy wave events dominate the temporal control on sediment exchange between beach
and inlet deltas, whereas cyclic tidal processes dominate the spatial pattern of exchange between the
shoals and channel features of the tidal inlet. The computed migration rate of seeded tracers along the
beach, 320 cu m per km per year for this idealized case study, provided an estimate of the average speed

110

of surficial sediment migrating alongshore. The burial and erosion of tracers is captured by the CMS
sediment mapping feature. Analysis of deposition within the bed layers is helpful in identifying shoaling
zones in deeper water that distribute across common bypassing pathways such as the Updrift FMC and
Main and Ebb Channels. Limited calculated deposition within subsurface layers in some areas also
indicated zones capable of accommodating a higher transport rate in shallow water, such as the Downdrift
Platform of the ebb-tidal delta.
The sediment bypassing pathway reflects a tidal-driven pattern following event-driven pulses of
high-wave induced sediment mobilization where sediment is transported along the beaches and mixes
with flood- and ebb-tidal currents which then transport the sediment through inlet channels. This is
followed by distribution of the deposited channel sediments by the ebb current along the ebb-tidal delta
features during fair-weather conditions. Subsequent energetic wave events redistribute the sediments
shore-parallel, with the dominant net transport being from north to south transport toward downdrift
beaches.
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CHAPTER 5
TRACKING SEDIMENT BYPASSING PATHWAYS BETWEEN TIDAL INLETS AND ADJACENT
BEACHES

5.1

Introduction
The coastal littoral system can be defined as the alongshore and across-shore extent of which

coastal processes mobilize and transport sediments along pathways and shape coastal morphology. Tidal
inlets serve as major sediment sinks within the littoral system of a sandy barrier island coastline. The
alongshore and across-shore exchange of sediments at a tidal inlet is complex, owing to the combined
effects of tides and waves, and results in a multidirectional set of pathways by which sediment is
transported across various morphological features of a tidal inlet.
One can conceive of a tidal inlet as an organism that breaths (Bruun 1978). Sediments are pulled
into the lungs on the flooding tide, some accumulates within the channel and estuary, and some is
breathed back out the inlet throat to be deposited along the ebb-tidal delta during the ebbing tide.
Sediment is redistributed across the area through wave and tidal processes. In general, mature, stable
tidal inlets will mobilize and bypass more of the sediment that reaches the inlet to downdrift beaches
while less mature inlets may trap more of those sediments in growing flood- and ebb-tidal deltas.
Previous studies, focused on the stability of the tidal inlet channel with respect to channel infilling
and potential for closure (Bruun 1978; Bruun and Gerritsen 1959; Escoffier 1940), have categorized
stability based on the dominant processes moving sediment from one side of the inlet to the other, i.e.
wave- vs. tidal-current induced transport. Wave processes dominate sediment transport across the outer
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lobe of an ebb-tidal delta, bypassing sediment from one side of the inlet to another via “bar bypassing.”
“Tidal bypassing” through the channel throat is dominated by tidal processes.
Geomorphic studies of barrier-inlet systems tend to focus on long-term evolution through analysis
of time-series aerial photos and bathymetry (FitzGerald 1984; FitzGerald 1988). The relative influence of
tidal or wave energy have been used to characterize tidal inlet morphodynamics (Hayes 1979; Davis and
Hayes 1984) as well as characteristic ebb-tidal delta morphology (Davis and Gibeaut 1990) and resultant
bypassing pathways (Nahon et al. 2012). Tidal inlet morphological features consist of a main channel,
ebb-tidal delta, and flood-tidal delta, each consisting of shoals and channels characteristic of the dominant
forcing for that environment.
Tide-dominated tidal inlets tend to have distinctive channel margin linear bars adjacent to the
main ebb channel of the ebb-tidal delta. Wave-dominated tidal inlets may have a shallow bypassing bar
or terminal lobe. Mixed-energy tidal inlets tend to have a combination of these features to varying degrees
and are often associated with notable shoal bypassing (e.g. shoal avulsion) features (Gaudiano and Kana
2001). The ebb-tidal delta attachment points of a mixed-energy, prograding drumstick barrier-inlet
system are strongly linked to inlet storage and sediment transport pathways (Hayes 1994; Kana et al.
1999).
FitzGerald et al. (2000) summarized sediment-bypassing mechanisms for natural and engineered
tidal inlets based on long-term geomorphic analyses from previous studies (Davis and Hayes 1984;
FitzGerald 1982; FitzGerald 1988; FitzGerald et al. 1976; Hayes 1975; Hayes 1980; Sexton and Hayes
1982). They identified six conceptual models for natural inlets and three for jettied inlets, noting that all
unstructured inlets had some form of bypassing of large volumes of sand about 50,000 to more than
200,000 m3 on the order of 4 to 10 years. Oertel (1988) and Kana et al. (1999) described the processes by
which sediment is exchanged at tide-dominated and mixed-energy inlets over tidal cycles in combination
with wave-induced littoral drift and concluded that a) littorally-derived transport follows a circuitous
pathway within the inlet, b) the greatest amount of transport occurs episodically through shoal bypassing
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and barrier attachment, and c) some baseline level of continuous sand bypassing occurs at all tidal inlets.
Kana et al. (1999) developed a conceptual model for the partitioning of sediment transport and resultant
morphologic change across an ebb-tidal delta for mixed-energy inlets and determined that approximately
half of the volume of sediment in a bypassing shoal will move downdrift of the inlet after attachment to
the shoreline, further emphasizing the importance of shoal bypassing processes.
The geomorphic shape of depositional features at a tidal inlet and deltas can provide valuable
information in the interpretation of sediment transport pathways. The crest of a morphologic feature,
such as an attaching shoal, can be considered an active sediment transport pathway as it is indicative of
deposition and may illustrate the directionality of sediment movement. Hydrodynamic information at and
around these morphological features can be used to elucidate the forcing that dominates sediment
transport over these features. Numerical analyses of the wave and current fields can further improve
understanding of the interconnectivity between the geometry of the features and the forcing.
It is challenging to quantify detailed sediment transport pathways over relevant temporal and
spatial scales through field observations (Komar 1996). Limitations in field observations, as well as
numerical analyses, of inlet morphodynamics can often result in a dependence on the hydrodynamic and
morphological changes as the key link to inferring the sediment pathways, as opposed to directly tracking
sediment movement. However, for some engineering studies, it may be critical to identify specific
sediment transport pathways for analyzing artificial modification alternatives, such as the mining of
shoals for placement along the adjacent nearshore areas and beaches. The interconnectivity of dredging
and placement projects also can benefit from considering the sources of sediment and their transport
pathways.
Lagrangian particle tracking of sediments in numerical simulations have been used to infer
sediment transport pathways with detailed parameterization to characterize the speed of release and bed
interaction (MacDonald et al. 2006; Gailani et al. 2016). Burial and resuspension processes play a
significant role in defining sediment pathways and are integral to the prediction of tidal inlet processes.
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These processes are especially important in application to engineering design, particularly concerning
dredging, mining and operational bypassing processes. Therefore, burial and resuspension should be
properly considered in sediment tracking.
The mapping of sediment transport pathways to understand the temporally varying directionality
and volumetric exchange across tidal inlets and with adjacent beaches is a substantial research challenge
in regional sediment management (Beck and Wang 2019). The field conditions at a tidal inlet are
challenging for equipment deployment and retrieval as the energy variation is wide-ranging and the
morphological features are very dynamic. An increasingly common research approach has moved toward
calibration, validation and application of numerical models to describe transport processes and resultant
sediment pathways, even with limitations due to lack of field data.
Sediment tracing in the field is a quantitative method to analyze and validate sediment pathways
at tidal inlets. Challenges in field methods include reconciling the spatial and temporal scales of transport
due to vertical and horizontal mixing due to diffusion and advection of sediment tracers (Madsen 1987;
McComb and Black 2005). Difficulties in temporal and spatial sampling coverage often yield single-digit
recovery rates. Nevertheless, field tracer studies have been used to validate numerical models for
prediction of pathway position, direction and capacity (Gailani et al. 2017; Li et al. 2018a; Moritz et al.
2011). Once a numerical model has been validated, more specific questions about the hydrodynamics,
morphodynamics, and sediment transport pathways can be investigated.
In Elias et al. (2006), an analysis on the morphodynamics of the mixed-energy Texel Inlet in the
Dutch Wadden Sea through field measurements and numerical modeling revealed sediment transport
patterns that were used to compute a sediment budget for the inlet. Resultant transport patterns over the
ebb-tidal delta indicated patterns of transport due to ebb or flood dominance in different channels or
platforms, with typical flood dominance in flood marginal channels and ebb dominance in the main ebb
channel. Their numerical model analyses supported many previous findings from field observation about
the flood dominance of the inlet, sediment import into the basin, and the dominant flow patterns across
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various features of the tidal inlet. Numerical studies on cyclic morphological behavior and migration
patterns (Cheung et al. 2007; Son et al. 2014; Ridderinkhof et al. 2016; Elias and Hansen 2013; Herrling
and Winter 2018) have demonstrated that sediments that enter a mixed-energy tidal inlet are recirculated
within the system to some degree, driving the large-scale sediment exchange between inlet features.
The Inlet Reservoir Model (IRM) was developed as an aggregate model by Kraus (2000, 2001) to
relate and quantify the sharing of sediment that enters a tidal inlet and is redistributed along various
pathways between the morphological features prior to bypassing to the downdrift beaches. Figure 5.1
illustrates the concept of reservoirs that fill toward equilibrium in a sequence following sedimentbypassing pathways. In its simplest form, the IRM suggests that sediment enters an inlet (QIN) through
two primary modes defined by Bruun and Gerritsen (1959): flood-generated transport of sediment into the
inlet channel, and alongshore wave-induced bypassing onto the ebb-tidal delta proper. Subsequent
transport of sediment to downdrift morphological features such as bypassing bars (QBin) and attachment
bars (QAin) adjacent to the beach receive a reduced rate of sediment input due to deposition within the
updrift morphological features.

Figure 5.1. The IRM describing the littoral drift (QIN) into the ebb-tidal delta (VEe), and how each subsequent reservoir in the
general sediment bypassing pathway captures a reduced quantity of sediment from its “updrift” reservoir (from Kraus (2000)).

Sand-sharing between inlet morphological features in the IRM is determined based upon specific
inlet morphologies, hydrodynamics, structural controls, and the effects of soft engineering on inlet
processes such as dredging and placement (Dabees and Kraus 2005; Dabees and Kraus 2008). The key
parameters controlling the volumetric rate of exchange in each reservoir is the order of input, the volume
of that reservoir relative to the equilibrium volume, and a coefficient of exchange that determines the
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relative contribution to multiple reservoirs via multiple sediment pathways (Rosati et al. 2011). The
coefficient of exchange among reservoirs may be modified to reflect the connections among reservoirs in
a more complicated inlet system than the basic model illustrated in Figure 5.1, as discussed in detail in
Rosati et al. (2011).
Recent advancements in numerical modeling have tracked sediments to analyze bypassing
pathways in medium- to long-term assessments of tidal inlet processes (Herrling and Winter 2018;
Neinhuis and Ashton 2016). In a study employing the Delft3D numerical model, Neinhuis and Ashton
(2016) investigated the mechanism of alongshore migration of tidal inlets through the tracking of updrift
and downdrift sediment sources within a simulation that captured the fractions of sediment within bed
layers. They were able to identify three mechanisms influencing migration: a) deposition of littoral
sediments along the updrift inlet bank, b) increased wave-driven sediment transport on the downdrift bank
of the inlet, and c) flood-tide driven flow through a downdrift flood marginal channel.
A recent study by Herrling and Winter (2018) investigating sediment bypassing at tidal inlets
analyzed portioned sediment grain sizes to demonstrate that there are variable bypassing pathways
between inlet morphological features for different grain sizes. Their study separated three common
sediment size classes for the coast, very fine, fine, and medium-sized sands, and analyzed residual
transport pathways within a validated numerical simulation of two East Frisian tidal inlets in the German
Wadden Sea. Their analysis summarized sediment pathways over a medium-term simulation (2 years),
resulting in general observations that verify classical bypassing schemes such as peripheral “barbypassing" of finer-grained sands and the recirculation of fine- to medium-sized sands within the tidal
channels and across the terminal lobe and downdrift ebb-tidal delta platform as observed by others
(FitzGerald 1982; FitzGerald et al. 2000; Son et al. 2014). These recent numerical methodologies from
literature may serve as an important advancement in the evaluation of sediment exchange between various
coastal morphologic features. Figure 5.2 summarizes the conceptual pathway of sediment entering the

117

inlet, redistribution to ebb- and flood-tidal deltas, potential re-entrainment into the inlet, and redistribution
to the shoal or to adjacent beaches.

Figure 5.2. Sediment bypassing pathways under the influence of combined tide- and wave-induced transport. A hypothetical
particle pathway is outlined in color to reflect the dominant forcing.

Investigating sediment pathways with a bed layering, morphodynamic model provides valuable
insight on sediment bypassing processes at tidal inlets. This study applies a series of numerical
simulations of sediment tracking within a hydrodynamic, sediment transport and morphology change
model. Sediment pathways were mapped for three validated numerical models of coastal tidal inlets that
span a range of energetic forcing conditions. The processes that influence sediment transport along
various pathways among different morphological features of each inlet and its adjacent beaches were
examined. The identified sediment bypassing pathways were applied to a conceptualized IRM of each
inlet to illustrate the complex interaction between various features, and several suggestions for model
improvement are provided. Coastal management considerations for this methodology are discussed and
compared with other methods commonly used to identify sediment bypassing pathways at tidal inlets.

5.2

Methodology
This study introduces methods for sediment transport tracking via tracers as implemented through

the Coastal Modeling System (CMS), a two-dimensional, depth-averaged hydrodynamic, sediment
transport, and morphology change model (Sanchez et al. 2014). The CMS has been broadly applied for
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simulating processes at tidal inlets (Lin et al. 2011; Sanchez et al. 2011a; Sanchez et al. 2011b). Tracking
sediment mass throughout Eulerian simulations that include bed layering is a recently developed approach
that has been used in combination with Lagrangian particle tracking to illustrate sediment transport
pathways (Li et al. 2017a; Li et al. 2018a).
Three previously calibrated and validated numerical models were used here to investigate
sediment pathways at tidal inlets. The three models represent varying forcing magnitudes including low-,
moderate-, and high-wave energy to evaluate sediment transport pathways. The John’s Pass and Blind
Pass (Florida) model, representing a low-wave energy dual inlet system, calibrated and verified by Wang
et al. (2011), Wang and Beck (2012), and Horwitz (2017), was developed to evaluate the mixed-energy
John’s Pass inlet. The Shark River Inlet (New Jersey) model, representing an inlet with moderate waveenergy, was developed, calibrated and verified by Beck and Kraus (2011) and Sanchez et al. (2016). The
Coos Bay Inlet (Oregon) model, representing a high-wave energy inlet, was developed and validated by
Li et al. (2018a, 2018b), including a comparison of modeled tracer movements to those measured in the
field.

5.2.1

The Coastal Modeling System
The Coastal Modeling System (CMS; implicit solver) includes an integrated suite of numerical

models for flow, waves, sediment transport, and morphology change (Sanchez et al. 2014; Sanchez et al.
2016; Wu et al. 2011). The steady-state, spectral CMS-Wave model (Lin et al. 2011), which solves the
wave-action balance equation and imparts wave radiation stresses on the bed of the hydrodynamic model,
is incorporated into the CMS model via a two-way coupling routine.
The CMS has the capability to compute the nonequilibrium transport of multiple-sized total load.
The sediment transport module incorporates sediment grain-size distribution, bed sorting and layering in
the simulation, with the recently added capability to track layered sediments of different sizes throughout
simulations (Sanchez et al. 2014, 2016; Li et al. 2018b). The Nonequilibrium Transport (NET) of total
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load is governed by Equation 1 (Sanchez et al. 2014; Wu 2004) as the current-related advection and
diffusion (A-D) equation in the CMS.
𝜕𝜕
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The NET equation is solved for the depth-averaged sediment concentration, Ctk, with subscript k
denoting the size class. The equilibrium concentration, Ctk*, is the potential instantaneous concentration of
total load calculated from CIRP-Lund, Van Rijn, and other sediment transport formulas available in CMS.
The depth-averaged velocities in x and y direction are Ux and Uy; βtk is the temporal correction factor on
the vertical distribution of the total-load concentration profile (Wu 2007); εs is the horizontal sediment
diffusion coefficient; h is depth; rsk is the ratio of suspended load to total load; ωsk is the sediment fall
velocity (m/s); and αt is the total-load adaptation coefficient..
The adaptation parameter, αt, is a scaling factor of the near-bed sediment exchange that
contributes to the bed change. The adaptation parameter can be determined from a linear length scale or
time scale, and its application results in decreasing the amount of sediment that falls out of suspension
and deposits with increasing adaptation length.
The bed change due to the kth size class of sediment is determined as
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where ρs is the sediment density (2650 kg/m3 for sand), pm′ is the porosity of bed material, and Zb is the
bed elevation (m). The bed-load mass transport rate, qbk, is a fraction of the total load Ctk(1-rsk). Ds is the
coefficient for bed slope adjustment due to gravitational effects on bed load transport. It is typically
selected based on the scale of the morphological features being simulated.
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The bed material gradation is calculated using a mixing layer model (Wu 2004). Based on mass
balance the change of bed material gradation in the mixing layer can be calculated from the following
equation:
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where δm is the thickness of the mixing layer; Pbk is the fraction of the kth sediment size in the mixing
layer; P*bk is pbk when
mixing layer when
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≤ 0, and is the bed material gradation at the subsurface layer below the

> 0. The first term on the right-hand side of Eq. (3) represents the bed

change or exchange between the mixing layer and the moving sediment in the water column, and the last
term represents the exchange between the mixing layer and the subsurface layer. The mixing layer
thickness can be calculated based on the median grain size and bed form size, or can be set to a constant.
The sediment tracer with a certain grain size can be specified as one class of multiple-size
sediment. By tagging the sediment tracer and accounting the history of bed composition within each
layer, a multiple-size sediment transport simulation can represent the movement of the sediment tracer
and perform the “tracking” of traced volumes of sediments with varying grain sizes across a model
domain (Li et al. 2018b). Figure 5.3 illustrates the simulation of a tracer, i.e., a fraction of the total mass
within a single cell over time, with six subsurface layers and one surficial mixing (or active) layer with a
constant thickness (illustrated in grey/black). As the model runs and the bed is eroded or deposited, the
layer numbering is reassigned while maintaining the top mixing layer of a pre-defined thickness (Figure
5.3).
In the below example in Figure 5.3, the top mixing layer is “seeded with 100% tracer (black), and
is subsequently eroded after the first time step. The tracer is then deposited into the mixing layer in time
step 8 and is mixed with Layer 2 (dark blue) at time steps 9 and 10; and, then the tracer becomes a
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fraction of Layer 3 (light blue) in time step 11. Additional deposition during the following time steps
results in Layer 3 becoming Layer 4, and subsequently Layer 5, as they are continuingly buried.

Figure 5.3. Bed layering procedure for one cell over time with six subsurface layers and one mixing layer (top layer is constant
in thickness), as adapted from Sanchez et al. (2014). Tracer is “seeded” within the mixing layer at time step 1.

The calculated tracer composition of multiple bed layers within each cell is illustrated in planview figures within the results section. Summing all of the bed layers provides a total volume of
deposited tracer, regardless of depth, for all cells in the computational domain. The results discussed in
the case studies comprise the total volume of traced fractions in the vertical cell layering.

5.2.2

Model Setup for the Case Studies
Three case studies were investigated for sediment transport pathways using the sediment tracking

methods described above: Shark River Inlet, New Jersey; John’s Pass, Florida; and, Coos Bay, Oregon.
The models from the previous studies were adopted to apply the new CMS sediment-tracking feature.
The three inlets represent high-, medium-, and low-wave energy regimes for U.S. inlets (Atlantic, Gulf,
and Pacific Coasts, respectively). Additionally, the Coos Bay Inlet model has been validated with field
tracer measurements (Li et al. 2018a and 2018b). Figure 5.4 depicts the initial bathymetry, tracer
positions, and the areal delineation of morphology features for quantification of each case’s simulated
tracer budget. Table 5-1 lists the boundary conditions and model setup parameters for each case study.
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Figure 5.4. Initial bathymetry, sediment tracer locations (filled red polygons), morphology feature delineation (black polygons)
for the three cases studies: Shark River Inlet (left), John’s Pass (middle), and Coos Bay Inlet (right).
Table 5-1. Model boundary conditions and setup parameters for the three case studies.

John’s Pass, FL

Shark River Inlet, NJ

Coos Bay, OR

Boundary Conditions
Simulated Period

1 January – 31
December 2009
[364 days]

1 January – 31
December 1990
[364 days]

19 September 2015 –
31 March 2016
[194 days]

Tidal Forcing

Measured Tide
(Horwitz 2017)

Tidal Constituents:
Sandy Hook Sta. #
8531680 (NOAA 2018)

Tidal Constituents:
Charleston Sta. #9432780
(NOAA 2018)

Wave Forcing

WWIII (27.75N
82.83W)
Steering – 3 hours

WIS Hindcast Sta.
63129
Steering – 3 hours

NDBC Buoy 46015
Steering – 2 hours

Riverine Forcing

N/A

N/A

4 Rivers (Li et al. 2018b)

Hydrodynamic and Sediment Transport Parameters
Run Time

8760 hrs

8760 hrs

4656 hrs

Time Steps
(Hydro/Morph)

600s / 600s

600s / 600s

600s / 600s

Sediment Transport

Soulsby-VanRijn (NET)

Lund-CIRP (NET)

Lund-CIRP (NET)

Suspended/Bedload
Scaling Factor

1.5 / 1.5

2.0 / 2.0

1.0 / 1.0

Bedslope Coefficient

0.1

0.5

0.1

Adaptation Length

50 m

50 m

50 m

Single-Sized
Sediment Class

0.17 mm

0.26 mm

0.32 mm
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5.3

Study Area Characteristics and Inlet Morphodynamics
Shark River Inlet is a wave-dominated, moderate energy tidal inlet located along the northern

coast of New Jersey within the New York/New Jersey Bight. Figure 5.4 illustrates the initial bathymetry
of Shark River Inlet and the adjacent beaches. The tidal range is 1.43-1.59 meter (m, NOAA 2018), and
the tidal prism of the Shark River estuary is approximately 14.2 x 106 m3 (Jarrett 1976). Figure 5.5
illustrates the wave rose diagrams for all three simulated inlets. Most of the high wave conditions occur
during the passing of extratropical frontal systems in the winter months, with occasional high-energy
tropical storms occurring during the summer. Wave direction is largely seasonal, with southerly summer
swells generated from the open Atlantic Ocean and winter storms generating easterly or northeasterly
energetic waves (Figure 5.5). The result is a gross longshore sediment transport rate of 696,000 m3/yr and
an average net longshore sediment transport rate of about 153,000 m3/yr to the north (USACE 2006).
A relatively small tidal prism and moderate wave energy characterizes this heavily structured
inlet as wave dominated with a relatively small ebb-tidal delta. The ebb-tidal delta of Shark River Inlet is
relatively young due to anthropogenic modifications of this coastline (e.g. updrift and downdrift groin
fields and dual-jetties) resulting in a long period of sediment scarcity followed by a recent influx of
sediment due to large-scale nourishment projects that have begun to supply sediment to a growing ebbtidal delta (Beck and Kraus 2011). Because of the above changes, sediment bypassing across the ebbtidal delta at Shark River Inlet has resumed. A shallow, curved bar is positioned offshore of the jetty tips,
and sediment infills the maintained navigation channel at a rate of 20,000-30,000 m3/yr. This inlet does
experience some infilling within the dredged navigation channels in the estuary, however growth of the
flood-tidal delta is minimal compared to the sedimentation at inlet entrance channel.
The John’s Pass and Blind Pass, Florida, dual-inlet system is characteristic of a highly
anthropogenically modified case along a low-energy coast. Tides along this coast are of a mixed-regime
with a diurnal spring tidal range of 0.8-1.2 m and semi-diurnal neap range of 0.4-0.5 m. Tidal prism for
John’s Pass during a spring tide has been recently computed to be 13.5 x 106 m3 (Horwitz 2017), with
124

Blind Pass carrying a lesser volume of 3.1 x 106 m3. Figure 5.4 illustrates the initial bathymetry for
John’s Pass. Wave energy is mild along this stretch of the Gulf of Mexico coast, averaging 0.25-0.30 m
in wave height (Tanner 1960). Energetic conditions occur during the passage of cold front (extratropical)
systems in the winter and the occasional passage of tropical systems during the summer and fall.
Extratropical frontal passages typically are associated with a prefrontal southerly wave for a short
duration (about a few hours to 1 day), followed by 1-3 days of strong northerly waves that drive a
substantial net drift toward the south. Figure 5.5 illustrates the more energetic northwesterly waves as
compared to the lower energy southerly waves for the John’s Pass-Blind Pass system.
John’s Pass is characteristic of a mixed-energy, straight tidal inlet with an ebb-tidal delta
comprising of a shallow updrift channel margin linear bar (north) and a broad, shallow, and dissipative
downdrift swash bar platform with an attachment point approximately 1 km to the south from the inlet.
There is one main channel that focuses the ebb jet along the edge of the channel margin linear bar, and a
modest 3-4 m deep terminal lobe seaward of the main ebb channel. The flood-tidal delta is well
established with vegetation and does not change substantially suggesting that the system is ebb-dominant.
Sediments are well-sorted sand-sized quartz with an average grain size of 0.16 mm, but include areas of
poorly sorted sediments with a large amount of shell debris (Wang and Beck 2012). The John’s Pass tidal
inlet morphodynamics are characteristic of a stable tidal inlet bypassing regime (FitzGerald et al. 2000).
As there is limited to no contribution of sediment from the estuary it serves, John’s Pass sediment
exchanges occur dominantly among the inlet channel, ebb-tidal delta and adjacent beaches (Beck and
Wang 2019).

125

Figure 5.5. Wave rose plots for the three case studies, Shark River Inlet (top), John’s Pass (middle), and Coos Bay Inlet
(bottom), based on original source of wave forcing (Table 5-2).
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Coos Bay Inlet, located along the south-central Oregon coast, is a wave-dominated, jettied inlet
associated with high wave energy and significant seasonal freshwater contribution to Coos Bay. The tidal
regime is semidiurnal and has a range of 1.73 m (NOAA Sta. 9432780; NOAA 2018). Tidal prism for
Coos Bay Inlet has been estimated to be 8.0 x 107 m3 (Jarrett 1976). Freshwater flux from several rivers
can reach up to 750 m3/s during the winter and spring, with mean flow rates of 25-40 m3/s for the two
primary contributing rivers (the South Fork Coos and East Fork Millicoma Rivers). Wave conditions in
the summer are predominantly out of the south, switching in the fall to dominantly out of the north and
west during the passage of winter storms (Figure 5.5). Average offshore wave heights are 2.4 m with
storms producing peak wave heights of 11.0 m.
The inlet morphodynamics of Coos Bay Inlet are characteristic of a wave-dominated inlet along a
bar-mouth estuary stabilized by geologic constraints (headland rock outcrop along the south side). Figure
5.4 illustrates the initial bathymetry for Coos Inlet and the adjacent beaches. The inlet is located along the
southern updrift margin of the Coos Bay embayment adjacent to a rocky headland with mixed sandy
substrate and rock outcrop. North and downdrift of the inlet is a wide, multi-barred, and sandy nearshorebeach environment. The main channel areas along the northern jetty experience shoaling as sediment
from adjacent beaches and nearshore is transported into the maintained navigation channel. Localized
erosion occurs due to current-structure interaction directly along the jetties. Sediment shoaling occurs
largely along the northern margin of the maintained entrance channel, with the main, self-scouring inlet
channel in the center and south of the maintained navigation channel area. Light to moderate sediment
shoaling occurs within the upper reaches of the maintained navigation channel within the Coos Bay
(beyond the bend in the entrance channel).
The ebb-tidal delta is broad and relatively deep compared to low and moderate energy coasts,
resulting in a broad platform extending approximately 3 km offshore from the jetty tips and 3-4 km in the
alongshore direction. There is no distinct terminal lobe or developed bar-like features along the ebb-tidal
delta platform. Therefore, bypassing processes are not closely linked with morphological features other
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than zones of measured shoaling along the maintained navigation channel. Sediment characteristics of
the nearshore and adjacent beaches demonstrate well-sorted, fine- to medium-sand sized materials with
some locations of coarser grains.
Each of the above case studies were simulated for 180 to 364 days (Table 5-1) with multiple
tracers seeded across different morphological features (Figure 5.4) to investigate medium-term sediment
transport and morphology change across a tidal inlet and its adjacent beaches. Table 5-2 summarizes the
inlet morphodynamics, engineering and environmental conditions for each case study.
Table 5-2. Inlet morphodynamics, engineering and environmental characteristics for the three case studies.

John’s Pass, FL

Shark River Inlet, NJ

Coos Bay Inlet, OR

Inlet
Morphodynamics

Low wave,
Microtidal,
Mixed-energy
Straight

Moderate wave,
Microtidal
Wave-dominated

High wave,
Mesotidal
Wave-dominated

Inlet Engineering

Dual Jettied,
Maintained Federal
Navigation Channel

Dual Jettied, Maintained
Federal Navigation
Channel

Dual Jettied, Maintained
Federal Navigation Channel

Wave
Characteristics

Tidal
Characteristics

Estuarine
Characteristics

WIS Hindcast Sta.
73268
WIS Hindcast Sta. 63129
WIS Hindcast Sta. 83032
Mean Hmo*: 0.5 m
Mean Hmo: 1.0 m
Mean Hmo: 2.4 m
Mean Peak Period:
Mean Peak Period: 7.9 s
Mean Peak Period: 11.6 s
4.2 s
Peak Hmo: 8.4 m
Peak Hmo: 11.0 m
Peak Hmo: 2.6 m
NOAA Clearwater
NOAA Sandy Hook
NOAA Charleston Tidal
Tidal Sta. # 8726724
Tidal Sta. # 8531680
Sta. #9432780
Spring (Diurnal)
Spring (Diurnal) Tidal
Spring (Diurnal) Tidal
Tidal Range: 0.84 m
Range: 1.59 m
Range: 2.32 m
Mean Tide: 0.58 m
Mean Tide: 1.43 m
Mean Tide: 1.73 m
Well-mixed Estuary
Seasonal Estuary: WellWell-mixed Estuary
mixed
(Summer) to Strongly
Tidal Prism: 13.5 x
Tidal Prism: 14.2 x 106
6 3
Stratified
(Winter)
10 m
m3
Tidal Prism: 80.0 x 106 m3
Riverine
Riverine Contribution:
Contribution:
Riverine Contribution:
Nominal
Nominal
Seasonal
*Hmo – Computed significant offshore wave height from WIS hindcast model.
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5.4

Results
Tracer migration patterns were computed and analyzed for the three case studies to investigate

pathways of sediment movement and evaluate the environmental forcing and processes driving sediment
transport across the inlet. The pathways are discussed in terms of the time it takes for tracer to migrate
into an inlet and to various features on the ebb-tidal delta and to adjacent beaches. Conceptual models of
sediment bypassing pathways are determined based upon the findings.

5.4.1

Shark River Inlet, New Jersey
Four sediment tracers were seeded in the Shark River Inlet case, one at the updrift nearshore of

the southern lateral boundary (Tracer A), one at updrift (Tracer B) and one at downdrift (Tracer C)
beaches about 1 km from the inlet, and one further downdrift near the northern lateral boundary (Tracer
D). Net direction of longshore transport for this region is from south to north. Figure 5.6 illustrates the
spatial patterns of the four tracers on days 20, 30, 100, and 365. The results indicate a dominant
alongshore transport from south to north, as expected. It is important to note that Tracers B and C were
about three times greater than Tracers A and D in total seeded mass, resulting in a stronger signal
visualized in Figure 5.6.
Tracer A was mobilized in the nearshore and transported along the beach toward the north over
the one-year simulation (Figure 6, lower panel). Although about 25% remained in the original seeded
location, roughly 58% migrated along the nearshore with nearly 2% reaching the updrift beaches. Less
than 0.1% migrated to downdrift adjacent beaches.
Tracer B migrated north into the tidal inlet at a consistent rate at the beginning of the simulation,
losing about 15% of its initial mass every 10 days until Day 30 when the rate slowed. About 12% of the
original seeded material remained in the original location, with about 3% migrating updrift, and the
remainder 85% migrating along the beach and nearshore, into the inlet, and further offshore (Figure 5.6).
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Approximately 27% was deposited in the inlet channel and ebb-tidal delta, and nearly 6% was deposited
landward in the estuary of Shark River Bay.
Tracer C migrated toward the north at similar rates to that of Tracer B, about 10-20% every 10
days until Day 30. At the end of the simulation, about 26% of the material was retained in the original
seeded location, with less than 2% migrating updrift (south), and 44% migrating downdrift. Additionally,
24% of the material migrated offshore.
Tracer D rapidly migrated downdrift (Figure 5.6, bottom panel), retaining 60% of the original
mass after 10 days, with nearly 9% having migrated out of the computation domain. At the end of the
simulation about 8.2% of the material was retained in the original seeded location, with 4% having
migrated updrift, 6% retained in the downdrift northern area, and the remainder 81.7% having left the
computational domain.
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Figure 5.6. Traced sediment deployed at two nearshore locations each updrift (Tracer A and B) and downdrift (Tracer C and D)
of Shark River Inlet illustrated as total tracer concentration (kg/m2, log scale) throughout the bed layers at Days 20, 30, 100, and
365.
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5.4.2

John’s Pass, Florida
Tracers were seeded at four locations in and around John’s Pass (Figure 5.4); Figure 5.7

illustrates the migration of Tracers A-D during Days 14, 120 and 365 in the simulation. Tracer A, placed
in the updrift nearshore adjacent to John’s Pass, was initially mobilized and transported south towards the
inlet with approximately 26% of the tracer remaining in the seeded tracer location by 14 days. At the end
of the simulation, Tracer A had been transported to the shallow updrift channel margin linear bar
(CMLB), the updrift slope of the main channel, and along the terminal lobe (Figure 5.7).
Tracer B was seeded at the seaward end of the main ebb channel and was jetted further offshore
from its original position within the first three days prior to the onset of any storm activity (Figure 5.7).
Tracer B was redistributed across the ebb-tidal delta terminal lobe, and remained buried in bed layers for
the duration of the year. Some of Tracer B moved to the shallow shoals located along the downdrift
platform of the ebb-tidal delta.
Tracer C was seeded over the shallow, downdrift platform of the ebb-tidal delta where there are
active shore-perpendicular shoals. The traced sediment was initially transported slightly offshore and
along the terminal lobe. Tracer C then migrated onshore and towards the main channel halfway through
the simulated year, filling in the troughs between the shore-perpendicular shoals (Figure 5.7). Nearly 45
% remained in the original seeded area at the end of the simulation. Approximately less than 0.5% stayed
within the main channel and about 0.5% migrated to the attachment location where Tracer D was seeded.
The remaining 54% was buried in troughs around the original seeded area on the downdrift platform.
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Figure 5.7. Traced sediment deployed at four locations in and around John’s Pass illustrated as total tracer concentration (kg/m2,
log scale) throughout the bed layers at Days 14, 120, and 365.
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Tracer D was seeded along the distinctive, downdrift attachment point of the John’s Pass ebbtidal delta with the purpose of examining the sediment transport processes at the attachment point. About
41% of Tracer D was transported across-shore on the ebb-tidal delta platform with peak deposition
located within the troughs of the shallow perpendicular bars. Some of the material was transported
northward along the beach towards the inlet during the one year simulation (Figure 5.7), illustrating the
reversal of the net southward longshore transport in the lee of the ebb-tidal delta as described by Hayes
(1979). Alongshore flowing flood current toward the inlet also contributed to this northward transport. A
limited amount of tracer was dispersed downdrift of the seeded location, although this material did not
migrate south beyond the initial dispersion in the first six months.

5.4.3

Coos Bay Inlet, Oregon
The migration of the five seeded sediment tracers at Coos Bay Inlet followed similar patterns to

that simulated by Li et al. (2018a). The three tracers (A, B, and C) seeded within the nearshore/beach
zone (Figure 5.8 and Figure 5.10) were calculated to migrate in both the cross-shore and alongshore, and
demonstrated a shift in direction of net longshore transport from southerly to northerly for a six-month
winter simulation period.
Figure 5.8 and Figure 5.10 illustrate Days, 3 and 10, and 60 and 180, respectively, of the three
nearshore tracers, A, B and C. Prior to the first winter storm, most of the transport occurs in the
alongshore direction, with 82-93% remaining in the nearshore zone (~ the 20-m water depth) and the
remainder migrating offshore by Day 10. By Day 60, following the passage of several winter storms,
approximately 80%, 72% and 61% of Tracers A, B, and C, respectively, remained in the beach zone
where originally seeded. At the end of the 6-month simulation (180 Days), the remaining amounts were
72%, 51% and 53%, for Tracers A, B and C, respectively.
At the end of the simulation, Tracers A, B and C were found to migrate downdrift (to the north),
with a total of 16%, 34%, and 29% migrating to downdrift nearshore and beach zones, respectively.
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Some 13-14% of the nearshore-seeded tracers had mobilized and migrated out of the computational
domain by the end of the simulation. At the end of the simulation, there was about 2% of Tracer A within
the jettied inlet navigation channel and 0.16% within the estuary, with nominal amounts of sedimentation
for all other nearshore tracers.
The two tracers seeded along the ebb-tidal delta (Tracers D and E) were calculated to transport
from the ebb-tidal delta platform to adjacent nearshore areas dependent upon the season. Tracers D and E
(Figure 5.9 and Figure 5.11) were retained at high percentages within the ebb-tidal delta area by Day 20 at
96% and 99%, respectively; but were dispersed out of the original seeded location at the end of the
simulation with only 54% and 40% of Tracers D and E, respectively, remaining. Tracer D was calculated
to contribute nearly 8% to the jettied navigation channel within the first two days, decreasing over the
following two months to less than 3% as tidal currents redistributed that material to the ebb-tidal delta.
At the end of the simulation, the accumulation of Tracers D and E within the jettied inlet navigation
channel was approximately 6.4% and 14.4%, respectively. There were negligible amounts of both
Tracers D and E within the estuary at the end of the simulation.
Tracers D and E were the only tracers calculated to migrate toward the updrift nearshore areas,
but with very small accumulations of mass (less than 0.2 and 2.3%, respectively). Tracers D and E were
found to migrate towards the downdrift offshore zone (<40m water depths) with nearly 33% of each
tracer found in this zone at the end of the simulation, indicating these locations to be more dispersive.
Nearly half of the mass of Tracers D and E (39% and 51%, respectively) left the computational domain at
the end of the simulation.
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Figure 5.8. Traced sediment deployed at three nearshore locations in the Coos Bay Inlet model illustrated as total tracer
concentration (kg/m2, log scale) throughout the bed layers at Days 3 and 10.
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Figure 5.9. Traced sediment deployed at two ebb-tidal delta locations in the Coos Bay Inlet model illustrated as total tracer
concentration (kg/m2, log scale) throughout the bed layers at Days 3 and 10.
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Figure 5.10. Traced sediment deployed at three nearshore in the Coos Bay Inlet model illustrated as total tracer concentration
(kg/m2, log scale) throughout the bed layers at Days 60 and 180.
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Figure 5.11. Traced sediment deployed at two ebb-tidal delta locations in the Coos Bay Inlet model illustrated as total tracer
concentration (kg/m2, log scale) throughout the bed layers at Days 60 and 180.
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5.5

Discussion
The tracing of sediment movement provides a tool by which sediment sources and sinks may be

evaluated using a numerical model. Quantitatively documenting sediment sources and sinks provides
crucial information for regional sediment management. In this study, tracing was accomplished through
multiple initial “seeding” locations, across several inlets with variable forcing and morphodynamic
characteristics. Seeding multiple alongshore locations and morphological features allowed for an analysis
of transport along different bypassing pathways. The results of this numerical tracing technique can be
applied to a long-term aggregate model of tidal inlet morphodynamics, which could better constrain an
evaluation of sediment management alternatives over decadal to century timeframes.

5.5.1

Applying Numerically Simulated Tracers to Depict Sediment Pathways
The modes of sediment mobilization across the various morphological features at a tidal inlet

include, 1) tidal-current dominant (ebb and flood) bi-directional transport within the primary channel(s),
2) wave-induced, alongshore-current driven transport along the nearshore and beach areas proximal to the
inlet, and, 3) wave-induced, toward-inlet transport across ebb-tidal delta shoals (e.g., upward shoaling).
As illustrated in Figure 5.2, some combination of wave- and current-driven transport may move sediment
transport between inlet morphological features such as the terminal lobe and downdrift platform of an
ebb-tidal delta.
The circuitous pattern of transport for a tidal inlet was demonstrated in multiple tidal inlets
presented in this study. Shark River Inlet has a distinct wave-dominated pattern of sediment transport as
illustrated by the migration of Tracer B from south to north. Tracer B moved around the south jetty and
settling into the main entrance channel, and was then redistributed along the primary inlet channel and
transported in a net offshore direction along the terminal lobe of the ebb-tidal delta (Figure 5.6).
Sediment deposited along the ebb-tidal delta was rapidly transported downdrift to the adjacent nearshore.
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A conceptual model of the sediment pathways and reservoirs at Shark River Inlet is illustrated in
Figure 5.12 with reservoirs labelled as channel, tidal deltas, and adjacent beaches and nearshore area.
Sediment migrates into the inlet system along the nearshore. At Shark River Inlet, Tracer B results (see
Figure 5.6) illustrated the pathway between the updrift nearshore and the channel, the channel and the
flood- and ebb-tidal deltas, and the ebb-tidal delta and the downdrift nearshore. Figure 5.6 illustrates
Tracer B at Day 20 as having migrated into the main channel first, followed by migration to the offshore
portion of the ebb-tidal delta. Although some of Tracer C migrated updrift (south) to the extent that it
reached the channel by Day 100 (Figure 5.6), and subsequently the ebb-tidal delta by one year, the
dominant pathway is toward the north.

Figure 5.12. Conceptual model of sediment transport pathways and reservoirs for the Shark River Inlet system. Reservoirs of the
channel, tidal deltas, and adjacent beaches and nearshore are labeled along with the transport (Q) from the left and right (looking
oceanward).
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The mixed-energy inlet of John’s Pass illustrates a tidal dominance in sediment bypassing
pathways. Tracer A was mobilized into the inlet channel and advected along the main ebb channel to the
updrift (north) CMLB and terminal lobe of the ebb-tidal delta. Tracer B illustrates a slow redistribution
of the terminal lobe in the offshore and downdrift directions (Figure 5.7), and Tracer C demonstrates the
downdrift migration of distinct lobate, depositional features where tracer was notably trapped within the
bed layers of linear shoals early in the simulation (prior to 14 days). The relatively faster migration of
Tracer A as compared to B, C, and D illustrates a relative dominance of tidal energy over wave energy at
John’s Pass.
The sediment pathways and reservoirs for John’s Pass are illustrated in Figure 5.13, synthesizing
the migration trends of Tracers A-D illustrated in Figure 5.7. Qin for both the left and right sides of the
inlet (looking oceanward) enter both the beaches and the main channel. Sediment is then distributed
primarily to the updrift CMLB and terminal lobe of the ebb-tidal delta (Figure 5.7, upper panel). There is
some exchange between the channel and flood-tidal delta. Sediments deposited on the terminal lobe then
migrate via wave processes onto the broad and dissipative downdrift platform; and, sediments are further
distributed to the downdrift nearshore and the downdrift beach via an attachment bar.
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Figure 5.13. Conceptual model of sediment transport pathways and reservoirs for the John’s Pass inlet system. Reservoirs of the
channel, tidal deltas, and adjacent beaches and nearshore are labeled along with the transport (Q) from the left and right (looking
oceanward).

The Coos Bay Inlet simulation demonstrated a different pathway as compared to Shark River
Inlet and John’s Pass. Tracer A migrated southward into the main channel against the dominant net
northerly transport direction. Tracer A was redistributed along the offshore terminal lobe of the ebb-tidal
delta. This was followed by an offshore, downdrift migration and nearly complete removal from all bed
layers of the ebb-tidal delta due to strong alongshore currents that generated a high net northerly sediment
transport rate.
Following a model developed in Li et al. (2018a), the sediment pathways and reservoirs at Coos
Bay Inlet are further refined in Figure 5.14 to include pathways identified from the Tracers D and E
(Figure 5.9 and Figure 5.11). The geologically constrained Coos Bay Inlet has limited sediment
availability in the south (updrift) due to the outcropping headland. However, Tracer E was shown to
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migrate to both the updrift and downdrift offshore areas, albeit with a larger proportion migrating
downdrift under seasonal wind and waves driving sediment transport to the north.

Figure 5.14. Conceptual model of sediment transport pathways for the Coos Bay Inlet system. Reservoirs of the channel, tidal
deltas, and adjacent beaches and nearshore are labeled along with the transport (Q) from the left and right (looking oceanward).

This study and others (Elias et al. 2006; Hanisch 1981; Hubbard et al. 1979; Oertel 1988; Son et
al. 2014) suggest that the relationship of wave-induced alongshore transport removing sediment from
adjacent updrift beaches and transporting it directly to the ebb-tidal delta via attachment bars or shallow
shoals is not directly correct, and particularly with regards to the median sediment grain size. Herrling
and Winter (2018) found that the finer portion of the gradation of nearshore sediments may in fact
directly transport sediments from the nearshore to ebb-tidal delta features via wave-induced alongshore
sediment transport. Future research on sediment pathways may evaluate the role of variable grain sizes
and dominant mode of transport as suspended or bedload to refine quantification of the exchange between
beaches and tidal inlet morphological features. The processes and conditions by which sediment may
enter and exit a tidal inlet remain a research challenge (Mehta et al. 1996); however, efforts to evaluate
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the role of alongshore sediment transport in sediment bypassing pathways in tidal inlets now have a suite
of numerical tools for application to tidal inlets.

5.5.2

Defining Sediment Transport Pathways, Modes of mobilization, and Coefficients of Exchange in

the Inlet Reservoir Model
A clearer depiction of sediment origins and migration pathways is critical to the parameterization
of an aggregate reservoir model such as the IRM. The IRM assumes that transport from the left and right
adjacent beaches fills a specific inlet shoal or reservoir; and, after initially entering one inlet reservoir, the
sediment are subsequently redistributed at decreased rates following a sediment pathway (Dabees and
Kraus 2008; Kraus 2000). The transport of the exiting quantity of sediment from one reservoir is
subdivided between multiple exit pathways, with a greater portion assigned to the dominant pathway.
These partitions of sediment exchange along multiple exit pathways are typically assigned based on a
morphological analysis (Dabees and Kraus 2008). The contributions of one reservoir to multiple other
reservoirs may be defined through an evaluation of sediment tracing within a numerical framework such
as that applied here.
Shark River Inlet is illustrated conceptually within an IRM framework in Figure 5.15, based upon
the outlined pathways in Figure 5.12. The relevant dominant forcing from waves (blue), tides (yellow), or
a combination (green) characterize the processes that determine the rate of sediment exchange between
the reservoirs. The sediment transport from adjacent beaches (QR and QL) is driven primarily by waves.
The pathways derived from evaluating multiple sediment tracers within the inlet system indicate that there
is a dominant pathway and directionality to sediment bypassing across the inlet, and for Shark River that
is from the updrift nearshore to the channel, then to the ebb-tidal delta, and downdrift to the nearshore and
beaches to the north (Figure 5.12).
As the pathway traverses different morphological features, several connected areas are evident.
These connections can be represented in the IRM as coefficients of sediment exchange, which is defined
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as the portion (in a percentage) of the exiting sediment into specific reservoirs via multiple pathways.
Accurately defining the coefficient of sediment exchange is crucial to quantifying inlet sediment volume
exchange within the IRM (Rosati et al. 2011). Note that for all analyzed bypassing pathways in this
study, the nearshore areas were considered a continuous pathway and not a fillable reservoir with a
characteristic equilibrium volume.
There are five reservoirs defined for Shark River Inlet (Figure 5.15) that require coefficients of
exchange, given as δ, identified numerically from right (updrift) to left (downdrift). As sediment enters
the Updrift Nearshore, some of the material may fill a portion of the Updrift Beach (e.g. the beach fillet)
while the remainder is transported along the active nearshore zone. This initial split is represented by the
coefficient, δ1. The dominant pathway moves sediment from the Updrift Nearshore into the Channel via
mixed wave and tide forcing; and, a portion will transport directly to the Ebb-Delta Platform via waveinduced transport, which is represented by δ2. Tide-induced transport redistributes sediment into the
Flood-Tidal Delta and the Ebb-Delta Platform (represented by δ3), and wave-induced currents transport
sediment to the Downdrift Nearshore. Once sediment is bypassed to the Downdrift Nearshore, δ4
indicates any apportionment of transport back in to the inlet via mixed forcing, which was demonstrated
by Tracer C in Figure 5.6. Finally, the QRin has a similar exchange coefficient δ5 indicates to refine the
proportion filling the beach reservoir. The IRM can capture the circuitous movement of sediments
through bypassing to downdrift beaches via attachment points, of which some sediment may be
reintroduced into the tidal inlet system by flood-tidal currents.
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Figure 5.15. Diagram of the IRM for Shark River Inlet, illustrating sediment pathways and their relevant dominant forcing from
waves (blue), tides (yellow), or a combination (green) thereof. The general bypassing pathway across the tidal inlet is indicated
by the larger solid colored arrows, and the width of the arrow indicates the relative magnitude of the contribution of sediment.
The five exchange coefficients between one reservoir and multiple reservoirs are given as δ.

The IRM for John’s Pass (Figure 5.16) based on the model of sediment pathways in Figure 5.13
demonstrates an increasing level of complexity in exchange between three reservoirs representing subfeatures of the ebb-tidal delta. Similar to Shark River Inlet, δ1 and δ5 have a wave-dominated exchange
with the Beach and Nearshore, and mixed forcing transports most of the sediment into the Channel. Tidal
forcing contributes channel-deposited sediments to the Flood-Tidal Delta; however, there is a dominant
transport pathway connecting the channel to the Updrift Platform (or updrift channel margin linear bar)
and a lesser connection to the Terminal Lobe necessitating δ2 to account for three connections. A mixed
forcing exchange between the Updrift Platform and the Channel and Terminal Lobe is represented by δ3.
Similarly, the connectivity of the Downdrift Platform to the Downdrift Beach via wave-induced transport
and the channel via mixed forcing requires exchange coefficient, δ4.
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Figure 5.16. Diagram of the IRM for John’s Pass, illustrating sediment pathways and their relevant dominant forcing from waves
(blue), tides (yellow), or a combination (green) thereof. The general bypassing pathway across the tidal inlet is indicated by the
larger solid colored arrows, and the width of the arrow indicates the relative magnitude of the contribution of sediment. The five
exchange coefficients between one reservoir and multiple reservoirs are given as δ.

By comparison, Coos Bay Inlet has a net direction of transport to the right, limiting exchange of
sediment south of the headland (Figure 5.17). Coos Bay Inlet has five reservoirs with similar exchange
coefficients set up as Shark River Inlet. However, the Nearshore has been separated from a deeper,
Offshore area, as indicated in Figure 5.14. The Offshore is in receipt of sediment from wave-induced and
wind-induced (as discussed in Li et al. 2018a) transport from the Ebb-Tidal Delta, and therefore has
limited connectivity back in to the Nearshore. The nature of this pathway and its influence on sediment
retention behavior within the IRM is unclear, and would require sensitivity testing and comparison to
data, which is beyond the scope of this paper.
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Figure 5.17. Diagram of the IRM for Coos Bay Inlet, illustrating sediment pathways and their relevant dominant forcing from
waves (blue), tides (yellow), or a combination (green) thereof. The general bypassing pathway across the tidal inlet is indicated
by the larger solid colored arrows, and the width of the arrow indicates the relative magnitude of the contribution of sediment.
The five exchange coefficients between one reservoir and multiple reservoirs are given as δ.

The assignment of values to the exchange coefficients may be based on tracer results,
morphodynamics analysis, or an iterative testing in comparison to reservoir volume datasets, which is
beyond the scope if this study. However, some simplifications may include:
•

δ1 and δ5 have a wave-dominated exchange with the beach and a mixed wave and tidal-driven
exchange with the inlet channel. These exchange coefficients may have a higher value for the Qin
 Channel versus the Qin  Beach.

•

Similarly, δ2 and δ3 (and δ4 for Shark River Inlet and John’s Pass) exchange sediment out of their
respective reservoirs via various modes of tide-induced, wave-induced, and mixed forcing. Each
exchange juncture would be represented with higher values for the pathways along the dominant
net sediment transport pathway.

•

Additionally, the cyclical nature of an inlet to recycle sediment from the Downdrift Nearshore
may be represented with a lower value than that connecting to downdrift transport exiting the
inlet system.

•

Finally, the exchange of the channel with multiple sub-features within the tidal deltas via tidaldriven currents should have a higher value associated with the dominant sediment transport
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pathway identified from the sediment tracing results. As an example, a value greater than 0.5 for
the connection of the Channel to the Updrift Platform of John’s Pass (Figure 5.16) would be
appropriate given it is the primary depositional feature, with a relatively higher proportion of the
remaining δ value assigned to the terminal lobe rather than the flood-tidal delta, as determined by
tracer results.

5.5.3

New Insights on Sediment Transport Pathways from the Tracer Simulations
Sediment resource managers for sandy barrier tidal inlets often employ a suite of analyses to

inform decisions on altering the sediment dynamics through dredging, sediment placement, and
construction of structures. A morphodynamic model with bed layering and sediment tracking can be
applied to conduct more in-depth analyses and long-term prediction of inlet, beach, and estuarine
sediment budgets. There are three methods by which to define sediment pathways across a tidal inlet in a
numerical model: 1) morphodynamic interpretation, 2) mean transport vectors across the modeled inlet,
and 3) sediment tracer migration. The illustration of sediment transport pathways for the three tidal inlet
systems in this study have led to some observations regarding these methods.
Morphological changes over medium- and long-term timescales have historically been used to
indicate primary pathways of transport of sediment, where shallow features with specific orientations are
interpreted as a pathway of transport. The updrift CMLB of John’s Pass is a good example of a shallow
morphological feature that appears to be connected to the updrift beach, indicating a bypassing pathway.
However, analysis of Tracer A in Figure 5.7 illustrates that the median-sized sediment is primarily
mobilized from north to south, into the inlet and across the ebb-tidal delta features, with limited to no
connectivity from the updrift CMLB to updrift nearshore and beach reservoirs.
Numerically simulated mean transport magnitude and direction have also been used to illustrate
primary pathways of transport(e.g. transport patterns), however, with limited observation data to validate
against as compared to efforts by Elias et al. (2006) and Son et al. (2014). Although higher,
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unidirectional sediment transport vectors tend to align with the ultimate net transport pathways, areas of
small net values of transport are more challenging to characterize. Overlaying morphologically
interpreted pathways with calculated net sediment transport directions may indicate nodal zones or areas
with a combination of processes that result in zero net transport, or depositional features, such as the
channel margin linear bar. An evaluation of the driving processes in combination with sediment tracking
within the numerical framework can clarify the directionality of transport pathways as well as the values
representing sediment exchange within an aggregate resource model such as the IRM.
The Coos Bay case study offers one example of a comparison between net sediment transport
patterns, calculated as mean sediment transport from a simulation (Figure 5.18), and the potential for
misinterpreted net tracer migration direction. A depositional shoal within the main inlet channel was
identified in Li et al. (2018a) as morphological indicator of a sediment-bypassing pathway from the
downdrift nearshore into the inlet channel. This feature is adjacent to a nodal zone, identified in blue in
Figure 5.18, which illustrates a net zero flux in transport. Tracer A, which was seeded within this nodal
zone adjacent to the north jetty, was mobilized towards the tidal inlet early in the simulation through a
combination of tidal currents and wave-generated longshore current to the south. (Figure 5.8 and Figure
5.10). The nodal zone produced from the mean sediment transport plot is misleading in that there is a net
zero amount of transport; however, there are significant periods that demonstrate a dominant sediment
transport pathway from the downdrift nearshore to the inlet channel via tidal currents.
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Figure 5.18. Calculated mean sediment transport for the 6-month simulation period occurring during the fall-winter seasons at
Coos Bay, OR. (Modified from Li et al. 2018b.)

An incorrect definition of the sediment pathways across a tidal inlet system may result in a poor
model of the long-term behavior. This in turn may exacerbate anthropogenically derived problems at
inlets where decisions for engineering modifications are reliant on this information. Management of tidal
inlet systems can also employ techniques applied in this study to evaluate engineering modifications to
the morphological features of an inlet and their influence on sediment pathways and bypassing.

5.6

Conclusions
This study investigates the sediment transport pathways in three sandy barrier-inlet systems of

variable forcing by tracking sediment within a numerical model that simulates hydrodynamics and
morphodynamics. The sediment tracing methodology employed in this study allowed for an evaluation of
the sediment transport pathways between the various morphologic features of each tidal inlet, as well as
their respective processes that drive the exchange of sediments. A dominant pathway common to all three
inlets was identified as originating from the updrift nearshore via wave and tidal forcing, migrating into
the main channel and redistributing under tidal currents to the ebb-tidal delta, and subsequently exiting
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the tidal inlet along the downdrift nearshore. Variations of these pathways highlighted the importance of
tracing sediment migration across complex morphological features to characterize their connectivity.
Characterizing and correlating the sediment pathways between tidal inlet morphologic features
can improve a long-term model of sediment reservoirs. The definition of sediment pathways and
divergences in those pathways between sediment reservoirs bear similarities for the three inlets. Subtle
divergences in pathways to sub-feature shoals of a complex tidal inlet shoal, such as the updrift and
downdrift shoals of an ebb-tidal delta, can be resolved through tracking sediment migration. The results
of this study illustrate the value of including sediment-tracking techniques in simulating sediment
bypassing and the potential of this application to inform coastal engineering and design modifications to
sediment reservoirs of tidal inlets.
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CHAPTER 6
INVESTIGATING SEDIMENT SOURCES AND PATHWAYS IN INLET EBB-TIDAL DELTA
MINING

6.1

Introduction
Tidal inlets serve as conduits for water circulation within estuaries and interruptions to littoral

transport along sandy barrier-island coastlines. Due to their hydraulic capacity to mobilize sediments,
sandy barrier tidal inlets redistribute littoral sediments within the available accommodation space
landward and oceanward of their position into flood- and ebb-tidal deltas. These depositional
environments behave similar to riverine deltas, yet are affected by bidirectional flow and are greatly
influenced by wave-induced sediment transport. Hayes (1975) categorized inlets based on the relative
influence of wave and tidal forcing. FitzGerald (1996) expanded upon Hayes’ ebb-tidal delta
classifications to include other morphologic and sedimentological controls. FitzGerald et al. (2001)
related dominant forcing to bypassing mechanisms, leading toward a more comprehensive understanding
of the various morphologic features of ebb-tidal deltas and their functional role in the littoral processes of
sandy barrier-island coasts.
Sand volume contained in an ebb-tidal delta play an important role in coastal management and
has been related to a variety of morphologic and tidal parameters by various authors. Walton and Adams
(1976), Marino and Mehta (1986), and more recently, Powell et al. (2006) found that the volume of sand
in an ebb-tidal delta is correlated to tidal prism and cross sectional inlet throat area. Through evaluation
using a numerical model, Dombrowski and Mehta (1996) determined that three parameters had a
significant effect on the growth of ebb-tidal deltas towards their equilibrium volume: suspended sediment
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concentration, sediment grain size, and deep-water wave heights. Increases in suspended sediment
concentrations were related to an increase in growth rates, and more wave energy mobilizing sediment
was correlated to slower growth rates and decreasing ebb-tidal delta sizes.
The ebb- and flood-tidal deltas are active morphologic features within the littoral system that
store large quantities of sand, and as such have long been viewed by coastal managers as a replenishable
source of sandy materials for beach nourishment. The removal of sediments from an ebb-tidal delta
beyond the requirements for navigation channel dredging is defined here as ebb-tidal delta mining. A
“mining” activity is distinguished here from “dredging” because the goal of this type of inlet engineering
is for sand resources and not for navigational purposes.
Ebb-tidal delta mining has been in practice in the United States for over a century, and well
documented cases have been identified in the literature since the 1970s when beach nourishment became
more routine (Mehta et al. 1996). The proximity of the ebb-tidal delta to the nourishment location makes
this an often preferred sediment source from a management perspective as it minimizes transit (e.g.
pumping) distances, reduces costs, and generally meets sediment compatibility requirements (Beck and
Wang 2019). Flood-tidal deltas tend to have finer sediments than ebb-tidal deltas making them a less
desirable source for beach nourishment projects. Additionally, due to their relatively protected location
within the back bay, they are more likely to be vegetated and/or serve as habitat for shorebirds or aquatic
fauna.
Generally, coastal managers are concerned with three main objectives for designing mining
projects at tidal inlets: 1) optimized shoal recovery rates for repeatable usage of the resources, 2) limited
impact to natural bypassing patterns and rates, and 3) overall inlet and beach morphodynamic stability.
The design of mining projects requires robust predictions that can accurately quantify decadal-scale
infilling rates. Cialone and Stauble (1998) summarized various methods for predicting the behavior of
mining on ebb-tidal deltas: 1) estimated net longshore sediment transport (LST) rates along the coast, 2)
estimated gross transport rates, 3) navigation channel infilling sedimentation rates, 4) estimated
155

sedimentation rates based on net LST, and 5) measured mining infilling rates from well-monitored sites in
the vicinity of the project.
Galvin (1982) presented a simplified set of equations to describe the alongshore sediment
transport across an ebb-tidal delta and related a shoaling rate to the wave-induced bottom shear stress and
the ebbing velocity. Generally, as depth increases, the velocity and shear stress decrease and
sedimentation and infill recovery rates, or trapping, increase. Based on Galvin’s work, Walther and
Douglas (1993) proposed a model to predict the sediment trapping at an ebb-tidal delta mining, or
“borrow” area. Essentially, the trapping of longshore moving sediment at an inlet is proportional to the
altered-depth/original-depth ratio, and shoaling rates were expected to decrease with time as the depth of
the mined area decreases to pre-mining levels and natural bypassing is resumed. They predicted that
deeper mined areas with a small footprint shoaled and returned to natural levels faster than large and
shallower mined areas; and, comparison to field data indicated that the prediction might be sensitive to
the longshore sediment transport rate utilized. For Galvin’s (1982) and Walther and Douglas’ (1993)
equations the input was the net longshore sediment transport. Additionally, they cautioned that deeper
mined areas would initially trap more sand, causing a deficit in bypassing to adjacent beaches in the shortterm. The simplifying assumptions in the above approaches include 1) that the mined area is exposed to
the full potential sediment concentration of the primary tidal current in the main channel, 2) that the
mined area is in receipt of all longshore-transported sediment migrating across the inlet, and, 3) that the
morphological response to dredging, which would substantially alter the hydraulics and sediment
transport, do not modify the sediment pathways such that material may be derived from other parts of the
tidal inlet.
Hayter et al. (1988) investigated the effects of oscillatory (tidal) flow and waves on ebb-tidal
delta formation in a laboratory scale movable bed model of a tidal inlet. They also evaluated the ebb-tidal
delta mining scenarios on the inlet-shoal system. Their study further confirmed that ebb-tidal delta size
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and shape is generally governed by ebb jet flow, indicating that mining infilling rates may be more
dependent on proximity to, and behavior of, the ebb jet.
Modern numerical simulations of waves, currents, sediment transport and morphodynamics are
becoming the preferred method for planning and design in coastal management. For example, these
advanced models have shown that an increased mining footprint and overall sediment volume is
associated with an increased potential for the ebb-tidal delta to “collapse” (Beck and Legault 2012; Garel
et al. 2014), where the functional sediment bypassing pathways have been disrupted beyond a
morphological threshold.
Wang et al. (2011) and Beck and Wang ( 2009) modelled the sediment transport pathways and
mining designs for four tidal inlets along the West-central Florida Gulf Coast and found that infilling
rates of various mining areas depend on their location relative to the ebb-tidal delta’s transport pathways.
As an example, the relic, distal mining area along the outer edge of John’s Pass, FL (Figure 6.1),
experienced slow sedimentation rates due to the relatively lower sediment transported under ambient
conditions of the distal ebb jet. In contrast, a larger mining area along the more active, northern channelmargin linear bar at John’s Pass had higher recovery rates due to its proximal location to high tidal
currents and shoaling waves.
The present morphologic state and relative hydraulic efficiency (i.e. degree of stability) of an inlet
may have substantial influence on the infilling rate of a mining area. In a hydraulically efficient tidal inlet
with stable inlet bypassing (as defined in FitzGerald et al. (2000)), a distal mining area may be optimal as
it would be in receipt of terminal lobe deposition and cause the least disruption to sediment bypassing
patterns. Proximal dredging of active features such as the channel margin linear bar, which may be
associated with shore-perpendicular dredging of the navigation channel, may be optimal under a less
stable morphodynamic condition where the bypassing pathways are modified such that transport potential
to proximal areas is greatest. Concurrently, a cut in a prominent proximal feature, such as the channel
margin linear bar, and the subsequent channel re-orientation has been associated with inducing initial
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onshore migration and attachment of swash bars on the downdrift flank of the ebb-tidal delta, followed by
erosion of the new beach (Beck and Wang 2009).

Figure 6.1. Morphological features of the ebb-tidal delta and common mining locations for the mixed-energy tidal inlet, John’s
Pass, Florida. Ebb-tidal delta mining of the navigation channel and updrift channel margin linear bar and the terminal lobe
(outlined in white) occur once every 7 to 10 years.

Cialone and Stauble (1998) summarized the state of the knowledge and posited seven questions a
coastal resource manager may consider regarding sediment mining in ebb-tidal deltas:
1) Is the ebb-tidal delta borrow material suitable as project fill material?
2) Where on the ebb-tidal delta should the material be mined to minimize inlet system impacts?
3) How does mining the ebb-tidal delta positively or negatively impact navigation?
4) How does mining the ebb-tidal delta impact adjacent shoreline evolution?
5) What impact does ebb-tidal delta mining have on the entire ebb-tidal delta system equilibrium?
6) How does the ebb-tidal delta borrow area recover and at what rate?
7) Does the ebb-tidal delta borrow area infill with the same material?
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This study attempted to address some of the questions raised by Cialone and Stable (1998)
regarding the design of the mining area and its relationship to sediment sources (Questions 6 and 7).
Specifically, the spatial patterns of transport and erosion and deposition of traced, littoral sediment were
investigated within a morphodynamic numerical modeling framework. The goal of this study was to
provide a methodology for coastal managers to evaluate the impact of ebb-tidal delta mining on the
dynamics of the inlet and adjacent beaches.

6.2

Methods
This study applied a numerical model for tracking sediment transport and pathways within a tidal

inlet system. The Coastal Modeling System (CMS) is a 2-D, depth-averaged hydrodynamic and sediment
transport model capable of simulating fully-coupled wave, water level, current and bed morphology
interaction (Sanchez et al. 2014; Sanchez et al. 2016; Wu et al. 2011). The steady state, spectral wave
model, CMS-Wave (Lin et al. 2011), solves the wave-action balance equation. The sediment transport
model includes a selection of total load and separated suspended and bedload transport formulas,
including multiple size-class transport calculations, bed sorting and layering.
This model has been applied to analyze navigation channel dredging designs (Beck and Wang
2009) and ebb-tidal delta mining scenarios (Beck and Legault 2012; Wang et al. 2011). Recently, the
CMS has added a capability to track sediment within the eularian, fully coupled model, and applied it to
optimize an inlet-adjacent dredged material placement location at Coos Bay, Oregon (Li et al. 2018a,
2018b). The sediment-tracing feature can be applied to evaluate the pathways of sediment including the
burial and erosion of sediment within a barrier-inlet system. This study sought to evaluate the sediment
transport pathways for inlet mining scenarios using the new sediment-tracking feature within the CMS.
An idealized model of John’s Pass, Florida, provides a reality-based case study to evaluate transport of
sediment tracers and inlet morphodynamics.
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Tidal constituents for John’s Pass were selected from the National Oceanic and Atmospheric
Administration tidal database and used as the offshore tidal forcing boundary condition. One year of
wave data were obtained from the Wave Information Studies (WIS) spectral dataset from 1994 for station
number 73268 (http://wis.usace.army.mil). Figure 6.2 illustrates the significant wave height, average
wave period and direction for the wave forcing dataset.

Figure 6.2. Significant wave height, peak period, and wave direction from the Wave Information Studies (WIS) hindcast wave
data from 1994.

The Van Rijn formulas for sediment transport were selected within the Non-Equilibrium transport
formulation (Sanchez et al. 2014). For simplicity, the idealized case used a single grain size of 0.16 mm,
a median grain size characteristic of beach and nearshore grain sizes in the John’s Pass area (Wang and
Beck 2012). The bed layering setup included a top mixing layer of 0.05 m thick, a constant bed layer
thickness of 0.2 m below the top mixing layer, and a maximum of 10 layers. A one-year simulation
yielded a net longshore sediment transport rate of ~25,000 m3/year to the south with a gross sediment
transport rate of ~33,000 m3/year as obtained along the nearshore profile updrift of the idealized inlet.
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The computed net southerly longshore transport rate agrees reasonably well with that estimated by Wang
and Beck (2012).
The sediment tracers were deployed at four locations (Figure 6.3): the Updrift Beach, Downdrift
Beach, Updrift Channel Margin Linear Bar (CMLB) of the ebb-tidal delta, and the Downdrift Nearshore
area of the ebb-tidal delta. An advantage of this numerical modeling approach is that it allows analysis of
individual forcing mechanisms on specific morphologic features. In this case, tracer transport patterns by
tide only, wave only, and combined wave and tide were investigated using the numerical model. A case
with tide only was applied first using local tidal constituents. Then three cases with tide and idealized
uniform wave forcing were tested. A 0.8 m and 6 s wave from +30 degrees (southerly), -30 degrees
(northerly), and a shore-normal direction was tested to examine simplified wave-current interaction. Each
case was simulated for 30 days to evaluate the initial transport directions. The findings from the idealized
tests were applied to interpret results from more realistic conditions.
The idealized case used here was based on the calibrated and verified John’s Pass model as
discussed in Wang et al. (2011), Wang and Beck (2012), and Styles et al. (2016). After the test runs
based on idealized isolated-forcing runs, sediment tracing was applied to investigate inlet-delta mining
area infilling. All mining scenarios, labelled in grey in Figure 6.3, were designed to have a “cut depth” of
6 m (below water surface). Along the updrift side of the inlet, one mining area, labelled as Channel
Shoal, covered a typical area of shoaling within the main channel. Three mining areas along the updrift
CMLB were also simulated to evaluate the influence of proximity to the inlet on infilling rates. One large
mining area was positioned over the terminal lobe to simulate a distal mining area, and two areas were
positioned along the downdrift platform of the ebb-tidal delta to test proximity to the inlet.
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Figure 6.3. Initial bathymetry of idealized John’s Pass model demonstrating a clearly defined channel and updrift and downdrift
shallow shoals of the ebb-tidal delta. Point source tracer placement locations for testing tide and wave forcing are shown in
yellow; the Updrift and Downdrift Tracers simulated in the one-year mining scenarios are in red.

Tracers seeded along the Updrift and Downdrift beaches (red boxes in Figure 6.3) were mapped
to examine the relation between sand sources and infilling of the seven mining areas. Two additional
tests of the CMLB-2 and Terminal Lobe mining areas were set up with tracers seeded along the perimeter
of the mining area to evaluate the contribution of local sediment sources on infilling. Tracer locations for
these two additional model runs are illustrated in Figure 6.4. Mining area infilling, sediment pathways,
and the temporal evolution of updrift sand sources are discussed in the following.
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Figure 6.4. Tracer placement locations for the additional simulated mining scenarios of CMLB-2 and Terminal Lobe. Both
model scenarios include two adjacent tracers seeded along the margins of the mined area, as well as the updrift and downdrift
beach tracers (in red) for comparison.

6.3

Results

6.3.1

Tracer Movement Driven by Isolated Forcing
Results from the runs with isolated forcing were used for the interpretation of the realistically

forced runs. Figure 6.5 illustrates the results for each of the four tested cases. The simulation with tides
alone (Figure 6.5D) illustrates that there is only sediment transport along the inlet axis, driven by strong
tidal current. This Updrift CMLB Tracer pattern is also similar in the simulations including waves.
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Placement positions along the adjacent beaches are not mobilized by flood currents for the tides only
case; however, they are mobilized in the tide and wave cases that result in sediment transport toward the
inlet channel. The tracer placement along the downdrift ebb-tidal delta platform is primarily mobilized by
wave-induced currents and directed towards the shore from refracted waves that are oriented closely to
shore normal. The downdrift tracer, however, is greatly influenced by the direction of offshore waves as
well developed, wave-driven alongshore currents transport sediment closer to the inlet.

Figure 6.5. Results of the 30-day simulation of four point sources of sediment tracer concentration under varying simplified tide
and wave conditions. A) Tides and Waves from +30 degrees, B) Tides and Waves from -30 degrees, C) Tides and Waves from 0
degrees (shore-normal), and D) Tides only.

Based upon the results of isolated-forcing runs, the following understanding of tracer movement
can be summarized, a) updrift (north) tracer migrated into the inlet channel under northerly approaching
waves, b) channel margin linear bar traced sediment would migrate offshore due to the ebb jet and
downdrift due to the refracted waves, c) downdrift platform tracer would migrate onshore, and, d)
downdrift (south) beach tracer, seeded north of the attachment point, would migrate updrift (to the north)
under most wave conditions due to the refracted approach of waves around the ebb-tidal delta (and inletdirected flood current). These observations are used to interpret the following results from one year of
simulated waves and tide.
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6.3.2

Morphology Change for Ebb-Tidal Delta Mining Scenarios
The resultant morphology change from the one-year simulation for the seven mining scenarios

and the control (no mining) scenario are illustrated in Figure 6.6. The Control scenario in the lower right
panel illustrates an unmanipulated baseline case in comparison to the mining scenarios. Sedimentation
occurred along the updrift edge of the main ebb channel (adjacent to the channel margin linear bar), with
erosion of the main ebb channel. There is some erosion along the distal portion of the channel margin
linear bar and deposition along the terminal lobe and distal portion of the downdrift platform of the ebbtidal delta. Although the magnitudes of sedimentation and erosion in the Control scenario are not large
(<1 m of change), the patterns are indicative of a slow, southward meandering main ebb channel and
deposition at the downdrift, distal portion of the ebb-tidal delta.
The top panel of Figure 6.6 illustrates the infilling (warm colors) of mined areas located along the
interior updrift shoal and the three areas along the channel margin linear bar. Infilling is greatest along
the southern edge of each CMLB scenarios due to the proximity to the ebb-jet and elevated suspended
sediment concentration, with the highest amount of deposition proximal to the inlet channel (CMLB-1).
The Channel Shoal area had higher deposition thicknesses nearest to the updrift beach. In comparison to
the Control scenario, there is an increase in erosion of the shallow updrift features of the inlet, particularly
the proximal portion of the CMLB, and an increase in shoaling within the main inlet channel associated
with the Channel Shoal scenario. Changes to the downdrift platform morphology in comparison to the
Control scenario were minimal for mining scenarios along the updrift side of the inlet.
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Figure 6.6. Calculated morphology change for all seven mining scenarios and a control run illustrating the relative rates and
orientation of deposition within the mined area (black boxes). Cool colors represent erosion and warm colors represent accretion.

Downdrift mining scenarios illustrated in the bottom panel of Figure 6.6 show a more
complicated depositional pattern related to proximity to the ebb jet. The Terminal Lobe scenario received
deposition near the offshore distal tip of the CMLB in the northeast quadrant as well as the southeast
quadrant as compared to the entire mined area. The Downdrift Platform scenarios illustrated deposition
in different quadrants related to their proximity to the ebb jet and attachment point along the downdrift
beach. Downdrift Platform-2 had higher deposition along the north and east quadrants with a distinct
increase in erosion north and south of the mined area. Downdrift Platform-1 had similar morphology
change yet with higher deposition along the southeast quadrant related to proximity to the attachment
point. Erosion of the shallow downdrift platform to the west and north of Downdrift Platform-1 was also
modelled, as was an increase in deposition along the northern edge of the main ebb channel.
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6.3.3

Tracking Sediment from Source to Sink for Each Mining Area
The seven mining areas were first evaluated with traced sediments from the updrift source along

the beach and nearshore and compared with contributions from downdrift sources. Figure 6.7 through
Figure 6.9 illustrate the tracer pattern (log scale) at the end of each one-year simulation for Updrift Beach
Tracer; and, Figure 6.10 through Figure 6.12 illustrates the Downdrift Beach Tracer. The general trend of
downdrift (towards the bottom of the figure), or southerly, migration of sediment is evident from both
tracers, with updrift tracer calculated as having filled portions of the main channel and updrift CMLB and
downdrift tracer dominantly being stored within the downdrift platform and nearshore areas.
The comparison between the Channel Shoal and Control scenarios indicates that a substantial
quantity of Updrift tracer was deposited along the updrift margin of the main inlet channel, immediately
downdrift of the updrift beach (Figure 6.7). The trapping (and burial) of a large amount of Updrift T
racer within the Channel Shoal mining area effectively removed a substantial amount of tidal-current
mobilized tracer from being transported to the ebb-tidal delta as compared to the Control scenario.
Additionally, there was a notable decrease in tracer deposited over the proximal portion of the CMLB.
The calculated deposition of tracers from the Updrift Beach source within the CMLB mining
areas illustrates the trapping capacity that should be considered in the design of a mining area over this
depositional feature (Figure 6.8). As beach materials are eroded and captured within the tidal currents of
the main inlet channel, the sediment within the ebb jet settle over the mining area. The results of the
CMLB-1 mining scenario illustrated deposition along the right side of the mining area boundary adjacent
to the Updrift Beach (and flood marginal channel), as well as deposition along the southern boundary.
CMLB-2 and CMLB-3 results indicated that Updrift Beach tracer deposited along the bottom right corner
of the mining area. All three CMLB scenarios resulted in the highest amount of deposition occurring
along the south boundary of each mining area, indicating that most deposition is nearest to the inlet
channel and is in receipt of sediment from that transport pathway (Figure 6.8). Deposition of Updrift
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Beach Tracer is greatest at areas proximal to the tidal inlet, with decreasing tracer concentration with
distance.

Figure 6.7. Comparison of the calculated concentration of the updrift beach tracer for the control (left) and Channel Shoal (right)
mining area scenario, at the end of the one-year simulation. Tracer was originally seeded within the red dashed area, and tracer
mass is illustrated in log scale for all bed layers.

Figure 6.8. Comparison of the calculated concentration of the updrift beach tracer for the three CMLB mining area scenarios, at
the end of the one-year simulation. Tracer was originally seeded within the red dashed area, and tracer mass is illustrated in log
scale for all bed layers.

Mining scenarios along the Downdrift Platform (Figure 6.9) illustrate a more complex
relationship to the sources. Relatively small amounts of the updrift-traced materials were transported to
these two depositional mining areas by the end of the one-year simulation, although they did result in
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more trapped tracer than the Control. There was more Updrift Tracer deposited in the upper left quadrant
of Downdrift Platform-1 (Figure 6.9, bottom right panel), which was likely related to its proximity to the
ebb jet. However, there was uniform Updrift Tracer deposition across Downdrift Platform-2 (Figure 6.9,
bottom left panel), which intercepts sediment from the Terminal Lobe as well as the ebb jet. The tracer
distribution appears to outline a shore-perpendicular transport pathway along the north side of the
downdrift platform. Updrift Tracer deposition along this inlet-parallel transport pathway appears to be
missing in the adjacent shallow areas to the north and south of the Downdrift Platform-2 mining area, and
to the south of Downdrift Platform-1, suggesting that the mining area was trapping material migrating
along this part of the platform.

Figure 6.9. Comparison of the calculated concentration of the updrift beach tracer for the control (top left), Terminal Lobe (top
right), and two Downdrift Platform (bottom) mining area scenarios, at the end of the one-year simulation. Tracer was originally
seeded within the red dashed area, and tracer mass is illustrated in log scale for all bed layers.

169

Comparatively, deposition of traced sediments from the Downdrift Beach source was minimal
along the Channel Shoal (Figure 6.10) and CMLB (Figure 6.11) mining areas. The Channel Shoal area
also captured little Downdrift tracer in comparison to the CMLB (Figure 6.10). Similar concentrations of
Downdrift Beach tracer were captured by each CMLB mining area (Figure 6.11).

Figure 6.10. Comparison of the calculated concentration of the downdrift beach tracer for the control (left) and Channel Shoal
(right) mining area scenario, at the end of the one-year simulation. Tracer was originally seeded within the red dashed area, and
tracer mass is illustrated in log scale for all bed layers.

Figure 6.11. Comparison of the calculated concentration of the downdrift beach tracer for the three CMLB mining area
scenarios, at the end of the one-year simulation. Tracer was originally seeded within the red dashed area, and tracer mass is
illustrated in log scale for all bed layers.
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The tracer concentration and total volume of sedimentation in the Downdrift Platform scenarios
(Figure 6.12) were closely related to the proximity to the Downdrift Beach source. The Downdrift
Platform-1 had a substantial amount of tracer deposited along the eastern edge. Downdrift Platform-2 had
higher concentration of Downdrift tracer along the northern and eastern edge of the mining area (Figure
6.12, bottom left panel), suggesting that some material may have come from the transport pathway along
the north side of the downdrift platform. The Downdrift Platform-1 captured the most Downdrift Beach
tracer, reducing the total amount distributed across the ebb-tidal delta (Figure 6.12, bottom right panel).
The deposition within the Terminal Lobe followed a similar pattern for both updrift and downdrift
sources where tracer was deposited along the north side and south side (Figure 6.9 and Figure 6.12),
following the sedimentation pattern identified in the morphology change (Figure 6.6).

Figure 6.12. Comparison of the calculated concentration of the downdrift beach tracer for the control (top left), Terminal Lobe
(top right), and two Downdrift Platform (bottom) mining area scenarios, at the end of the one-year simulation. Tracer was
originally seeded within the red dashed area, and tracer mass is illustrated in log scale for all bed layers.
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The degree of sedimentation from adjacent shoal-feature sources, as compared to tidal-currentrelated (e.g. ebb jet) Updrift/Downdrift Beach sources, was tested for two scenarios analyzing common
mining locations. These additional model runs for the CMLB-2 and Terminal Lobe scenarios included
four tracers (Figure 6.4), two of which encompassed half of the perimeter of each mined area to assess the
relationship between the source and forcing. Figure 6.13 demonstrates the degree of tidal forcing on
sediment mobilization and transport direction prior to any significant wave activity (which begins on Day
3). Tracer CMLB-B is mobilized along the main channel axis, perpendicular to the coast, with a higher
concentration of tracer residing in the lower right quadrant of the mined area and erosion of the lower
right corner of the tracer area nearest to the channel. Figure 6.14 illustrates the concentration of Tracer
CMLB-B during a high-wave energy event on Day 3, where much of the seeded tracer is eroded and
deposited within the mined area and along the updrift side of the channel.

Figure 6.13. Calculated concentration of Tracer CMLB-B for the first three days of the CMLB-2 mining area scenario
illustrating the migration of the tracer under primarily tidal currents. Tracer was originally seeded within the red dashed area, and
tracer mass is illustrated in log scale for all bed layers.
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Figure 6.14. Calculated concentration of Tracer CMLB-B for Day 3 of the CMLB-2 mining area scenario illustrating the
migration of tracer under high wave-energy conditions. Tracer was originally seeded within the red dashed area, and tracer mass
is illustrated in log scale for all bed layers.

Figure 6.15 illustrates the one-year simulation results for Tracers CMLB-A and CMLB-B with a
generally even distribution from CMLB-A and a higher concentration of CMLB-B along the bottom and
right quadrants. CMLB-A was found to have migrated offshore. Both adjacent shoal tracers were
transported primarily downdrift across the CMLB, Terminal Lobe, and Downdrift platform of the ebbtidal delta.

Figure 6.15. Calculated concentration of Tracers CMLB-A (left) and CMLB-B (right) for the CMLB-2 mining area scenario at
the end of one year. Tracer was originally seeded within the red dashed area, and tracer mass is illustrated in log scale for all bed
layers.
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The seeding of adjacent tracers along the Terminal Lobe resulted in updrift (top, or northernmost)
tracer being deposited in the top of the mining pit with the remaining ocean-ward tracer migrating
offshore (Figure 6.16, left panel). Tracer seeded to the right of the mining area was deposited along the
right side of the mining area (Figure 6.16, right panel), and the remainder of the tracer along the bottom
was transported downdrift along the Downdrift Platform.

Figure 6.16. Calculated concentration of Tracers TL-A (left) and TL-B (right) for the Terminal Lobe mining area scenario at the
end of one year. Tracer was originally seeded within the red dashed area, and tracer mass is illustrated in log scale for all bed
layers.

6.4

Discussion
Cialone and Stauble (1998) offered a hypothesis (Question 7) about how the physical

modification to currents and sediment transport may influence the source of material infilling the mining
area. In this study, the infilling characteristicts of mined morphological features are first examined with
respect to sediment volumetric change. Then, the sediment sources are traced to determine where the
sediment infilling of commonly mined moprhologic features originated from.

6.4.1

Infilling Rate of Mined Morphological Features
The effects of the perturbation of the mining area cuts on the tidal inlet morphodynamics were

first assessed by evaluating morphology change and the characteristics of mining area infilling in
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comparison to the Control scenario. Figure 6.17 compares the cumulative sum of positive (accumulation)
and negative (erosion) volumetric change for all cells in the entire modeling domain. The magnitudes of
erosion and accretion across the entire domain were highest for proximal mining area scenarios (CMLB-1
and Downdrift Platform-2), and lowest for distal mining areas such as the Terminal Lobe. Figure 6.6
illustrates the greater degree of overall morphology change than the control case, likely caused by active
accumulation and erosion surrounding mining areas due to their perturbation to the entire system. The
perturbation within the shallower and more proximal locations is more disrupting than the other mining
scenarios, as indicated by the greater overall accumulation and erosion.

Figure 6.17. Calculated sedimentation (orange) and erosion (blue) for the entire modeling domain for all seven modeled
scenarios.

A comparison of the sedimentation, or infilling volumes, within the mining areas, and a recovery
rate of the difference between the mined amount and the recovered volume, over the one-year simulation
period, are plotted in Figure 6.18 for all scenarios. Mining areas are plotted in Figure 6.18 from left to
right from the updrift mining locations, to the distal mining area, and finally to downdrift mining areas.
Recovery rates were highest along the interior portion of the CMLB, and decrease offshore and
downdrift. This illustrates the capacity of an updrift and proximal ocean-side mining areas to trap
sediment at inlets with a dominant sediment transport direction. In contrast, the Channel Shoal scenario
had the lowest recovery rate (17%), which is largely related to having the highest sediment “cut” volume

175

for the updrift side of the inlet. Additionally, the Channel Shoal had the least exposure to wave-induced
sediment transport pathways, and is almost wholly in receipt of tidal-current sediment transport pathways.
The two Downdrift Platform mining scenarios had comparable sizes in areal extent, yet with
substantially more volume removed (“cut”) in the proximal location of Downdrift Platform-2. The
Terminal Lobe mining area was twice the areal extent of the two downdrift mining areas, but had the least
amount of sediment removed (~45,000 m3) from the mining area. Additionally, this distal mining area
was located in deeper water where there is less mobilization of sediment from waves than in shallower
areas of the ebb-tidal delta. Overall, the highest amount of sedimentation for downdrift mining scenarios
occurred nearest to the beach despite having the smallest recovery rate from infilling (Figure 6.18, grey
line) due to the high volume of sediment removed (“cut”).

Figure 6.18. Sediment infilling volume (blue) and volume recovery rate (orange) for all seven mining scenarios.

The above modelling results of the mining area infilling agree with observations made at other
ebb-tidal delta mining projects, such as that at John’s Pass (Horwitz 2016; Walther and Douglas 1993;
Wang and Beck 2012) and St. Augustine Inlet (Beck and Legault 2012). Mining areas in close proximity
to the inlet throat and main channel, and therefore the ebb jet, follow sedimentation patterns associated
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with tidal-current sediment transport pathways. The rate of infilling in a more distal mining position,
however, may be more dependent upon sediment transport pathways that are influenced by wave-induced
transport of sediment.

6.4.2

Where Does the Sand Come From?
Linking the sediment sources to mining area infilling has clear sediment resource management

implications, specifically where mined sediments are used to nourish adjacent beaches. Because the
adjacent beaches are linked to the tidal inlet through sediment transport pathways, a key management
question would concern the capacity of mining areas to serve as sediment traps for longshore sediment
transport from the Updrift or Downdrift Beach sources.
As an example, it was hypothesized that the ebb jet was the primary driving force of
sedimentation for the Terminal Lobe as the Updrift and Downdrift Beach sources were both mobilized by
tidal currents and jetted offshore and downdrift to the Terminal Lobe. However, it was unclear why
shoaling depths were not uniform across the Terminal Lobe mining area (Figure 6.6), as would be
expected from a single pathway. Similarly, substantial erosion of the shallow CMLB occurs in each
CMLB mining scenario, lending to the question of the fate of the eroded adjacent sediments. To test the
hypothesis that sediments transporting along the shallow adjacent shoal are contributing to the infilling of
the mining area, traced areas were seeded around the edge of the CMLB-2 and Terminal Lobe mining
scenarios (Figure 6.4). The results of the two modeled scenarios CMLB-2 and Terminal Lobe indicated
that a portion of the deposition in the mining area was from eroded, adjacent sediments.
The concentrations of each tracer within the mining area of the two additional tracer scenarios are
provided as a percentage to the total volume of infilling in Figure 6.19. The percentage of the
concentration of each tracer captured within the mining area is a function of how much sediment was
originally seeded, and are therefore relative to total mass seeded, areal surficial exposure to be mobilized,
ambient forcing, and proximity to the mining area. At the end of the one-year simulation, the infilling
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mass of all four tracers was approximately 6% and 7% for the CMLB-2 and Terminal Lobe scenarios,
respectively. Much of the tracer mobilization occurs within the first two months, and mining areainfilling transitions to largely untraced sediments. During energetic storm conditions, sediment from
adjacent shoal areas are mobilized across the shallow feature and trapped along the interior edges of the
mining area.
Tracer CMLB-B was calculated to be rapidly mobilized by tidal currents (ebb and flood) resulting
in a greater erosion than that of the CMLB-A Tracer. As the CMLB-A Tracer was positioned oceanward
from the mining area, the mining area served as a trap of wave-induced sediment transport of Tracer
CMLB-A toward the inlet, resulting in slightly greater infilling than that of CMLB-B. The contribution of
adjacent tracers seeded along the CMLB-2 mining scenario to the infilling of the mining area were similar
to that of the Updrift Beach tracer, with nominal amounts from the Downdrift Beach. Combined, the
adjacent shoal contributed a greater amount to infilling of the mining area.

Figure 6.19. Calculated percentage of concentration of the Updrift and Downdrift Beach Tracers, and Tracers A and B for the
CMLB (left) and Terminal Lobe (right) at the end of one year.

The results of the Terminal Lobe mining scenario indicated that adjacent sediments contributed a
greater amount to mining area infilling as compared to the adjacent beaches. Adjacent tracer was
contributed from the Downdrift Platform side as evidenced by Tracer TL-B contributing nearly half of the
calculated tracer infilling. The calculated morphology (Figure 6.6) and Tracer results (Figure 6.16)
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indicate that there is a net transport from north to south along this lobate depositional feature, but with
substantial contributions from the landward side of the mining area along the downdrift platform of the
ebb-tidal delta. The limited transport of traced beach sediments is related to the position of this mining
area with respect to the ebb jet.

6.5

Conclusions
Numerical morphodynamic models capable of tracking sediments provide a valuable tool to

quantify the impacts of dredging and placement operations on sediment bypassing processes at tidal
inlets. The idealized case study from John’s Pass, Florida, offered valuable insight on common mining
positions in relation to morphological features.
Mapping beach and adjacent perimeter tracers with respect to mining area infilling led to three
observations regarding the trapping rate and sand sources of updrift, downdrift, proximal and distal
mining areas of a mixed-energy tidal inlet. Firstly, the mining areas situated proximal to the main
channel, and therefore the ebb jet, were in receipt of the highest amount of sediment from adjacent
nearshore and beaches. Distal areas, such as the terminal lobe, were in receipt of the least amount of
sediment due to their distance from the inlet throat and resultant decreased velocities and sediment
transport rates. Secondary, the position of the mining area in relation to the updrift or downdrift
morphological features dictates whether it will receive primarily updrift- or downdrift-originating beach
sediment, respectively. Finally, the source of sedimentation within the mining areas is a combination of
inlet-transported beach sediments and adjacent shoal sediments, where proximity to the inlet channel
determined the degree to which sedimentation originated from longshore transported beach sediment.
Mining areas designed in close proximity to the inlet channel, and therefore ebb jet, may follow
sedimentation patterns associated with tidal-current sediment transport pathways; however, infilling of
mining areas positioned outside of the main ebb jet may be more influenced by wave-induced transport
and therefore require more robust predictive capabilities of a morphodynamic model.
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CHAPTER 7
CONCLUSIONS
This body of work addressed multiple scales of sediment processes at barrier islands and tidal
inlets with the overall goal of providing science-based, practical guidance for coastal sediment managers.
Investigations included the development of a framework for regional sediment management of barrierinlet systems, the temporal and spatial scales of tidal inlet sediment pathways with respect to
morphodynamics, conceptualized sediment bypassing models developed through numerical simulation of
traced sediment transport, and the application of these methods to ebb-tidal delta mining of tidal inlets.
This dissertation is comprised of five correlated manuscripts that address sediment bypassing,
geomorphological analysis, and Regional Sediment Management at tidal inlets: a literature review, the
practice of Regional Sediment Management (RSM) at barrier-inlet systems, the development and analysis
of numerical methods for investigating the temporal and spatial scales of sediment transport pathways at
tidal inlets, the development of conceptualized sediment bypassing models for three characteristic tidal
inlets within the U.S., and the application of this numerical method to investigate RSM practice at barrierinlet systems.
Studies on coastal tidal inlet morphodynamics and sediment management practices for barrierinlet systems were summarized to provide context for the sustainability of barrier-inlet systems over
decadal to century timescales, which is a major challenge for future studies. A regional perspective
becomes integral to the computation of the long-term geomorphic evolution of tidal inlets and subsequent
management approaches. Over longer timescales, such as centuries, the impacts of eustatic sea level rise,
climate changes (e.g. storm intensity and frequency), long-term cross-shore and longshore sediment
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transport patterns, geologic isostacy and subsidence, and other important processes affect tidal inlet
dynamics. Long-term studies conducted at regional spatial scales, including adjacent barriers and
multiple inlets, facilitate the evaluation of the cumulative effects of anthropogenic modifications, such as
ebb-tidal delta mining and beach placement, to barrier-inlet systems.
A decision-support framework was developed for RSM with discussion of its application in
barrier-inlet systems management. A regionally focused, multi-inlet study for each individual inlet
management plan along the west-central Florida case studies is necessary. Examples from John’s Pass,
Blind Pass, Pass-a-Grille and Bunces Pass tidal inlets demonstrated an evolving regional perspective
through adaptive management of the multi-inlet system. Key recommendations toward a more balanced
regional sediment management plan focused on the barrier-inlet morphodynamics of the west-central
Florida barrier-inlet systems and similar systems: 1) allowing natural sediment bypassing to reestablished, 2) dredged areas located in active sediment bypassing pathways should be carefully designed
to not impact sediment bypassing, 3) use of the ebb-tidal deltas as a sediment source for beach
nourishment at natural and pristine inlets are discouraged, and 4) natural morphodynamic processes such
as swash bar migration and attachment can be planned for as a part of RSM. Similar systems in other
regions may benefit from the lessons derived in this case study of an adaptively managed multi-inlet
system.
The spatiotemporal patterns of sand transport and exchange between adjacent beaches and the
various morphologic features of a tidal inlet system can be systematically investigated through strategic
seeding of sediment tracers. The evaluation of numerically simulated tracers to study sediment sources
and bypassing pathways of calibrated and validated case studies was applied to resolve bypassing
pathways in a morphological aggregate model. Application of a morphologic feature, or aggregate,
reservoir model offers insight on coastal management practices when considering modifications to inlet
morphology, such as the resource management of tidal inlet sediments in RSM practice. An idealized
model of John’s Pass, Florida, provided a case study to evaluate the spatio-temporal patterns of transport
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of sediment tracers representing sand-sizes and tidal inlet morphodynamics, and offered valuable insight
on sediment bypassing processes for common ebb-tidal delta mining positions in relation to
morphological features.
1. High energy wave events dominate the temporal control on sediment exchange between
beach and inlet deltas.
2. Tidal processes dominate the pattern of exchange between the shoals and channel
features of the tidal inlet.
3. The analysis of tracer deposition within the bed layers of common bypassing pathways
such as the updrift flood marginal channel and main and ebb channels can provide the
temporal controls on sediment exchange between morphologic features.
4. The sediment bypassing pathway of a mixed-energy tidal inlet reflects a tidal-driven
pattern following event-driven pulses of high-wave induced sediment mobilization where
sediment is transported along the beaches, mixes with flood- and ebb-tidal currents, and
then transports the sediment through inlet channels to subsequent morphologic features
(e.g. terminal lobe).
5. Mining areas situated proximal to the main channel, and therefore the ebb jet, were in
receipt of the highest amount of sediment from adjacent nearshore and beaches; and
distal areas, such as the terminal lobe, were in receipt of the least amount of sediment due
to their distance from the inlet throat and resultant decreased velocities and sediment
transport rate.
6. The position of the mining area in relation to the updrift or downdrift morphological
features dictates whether it will receive primarily updrift- or downdrift-originating beach
sediment, respectively.
7. The source of sedimentation within the mining areas is a combination of inlet-transported
beach sediments and adjacent shoal sediments, where proximity to the inlet channel
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determined the degree to which deposited sediment had originated from longshore
transported beach sediment.
8. Mining areas designed in close proximity to the inlet channel, and therefore ebb jet, may
follow sedimentation patterns associated with tidal-current sediment transport pathways;
however, infilling of mining areas positioned outside of the main ebb jet may be more
influenced by wave-induced transport and therefore require more robust predictive
capabilities of a morphodynamic model.
The evaluation of sediment bypassing and overall inlet morphodynamics is vital to quantifying
regional sand sharing along barrier-inlet coastlines; particularly where sediment resources are scarce and
a close coupling between inlet dredging and beach nourishment is vital to long-term sustainable
management. This research is intended to expand practical knowledge of geomorphological
interpretation and engineering analyses of sediment transport pathways and bypassing processes at tidal
inlets.
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